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Preface 

In March 1993, Richard Jorgensen, Amar Klar and Rob 
Martienssen organized a conference at the Bunbury Center 
in Cold Spring Harbor, where different epigenetic phenomena 
in bacteria and eukaryotes were discussed. At the Bunbury 
conference some scientists who worked on plant silencing 
phenomena discussed the initiation of a common research 
project. The idea to discuss gene silencing phenomena in a 
volume of the CTMI series was born at a symposium in 
Cologne that had been organized to establish a European 
research network on plant gene silencing. At this symposium, 
the participants presented their work to the members of the 
Max-Planck-Institute for Breeding Research. After the talks, 
Heinz Saedler convinced the participants of the gene silencing 
network to present the current state of the art of the different 
silencing systems in a CTMI volume and to complement this 
summary with reviews on related phenomena in other 
eukaryotes. 

The term 'gene silencing' refers to a complete or partial 
inactivation of gene activity. Silencing has been observed for 
endogenous plant genes and transposable elements,· but 
most frequently for recombinant genes introduced into 
transgenic plants. In transgenic plants, gene silencing can 
occur either in primary transformants or during further breeding 
and propagation of transgenic plants. Transgenes or 
endogenous genes can also become silenced under the 
influence of a second homologous copy. The silencing effect 
can be unidirectional (trans-inactivation) or bidirectional (co
suppression) and it can be influenced by developmental and 
environmental factors. Inactivation is either associated with a 
loss of transcription, often corresponding to hypermethylation 
within the promoter region, or attributed to post-transcriptional 
degradation of RNA. 

Certain silencing events show similarities with gene 
inactivation phenomena in other eukaryotes. In Drosophila 
the regulatory function of chromatin structure for gene 
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expression has been convincingly documented. Mechanisms 
such as position effect variegation and transvection that are 
mediated by modifications in chromatin structure might serve 
as a reference model to discuss trans-inactivation or 
paramutation in plants. In filamentous fungi, homology
dependent inactivation mechanisms are present, reminiscent 
of trans-inactivation in plants. DNA methylation, which is 
involved in the regulation of transcription of plant transgenes 
and transposable elements, also has an important role in 
developmental regulation in mammalian cells. Despite these 
similarities, however, the regulation and biological function 
of the common molecular mechanisms probably differ 
between plants and other eukaryotes. Also, gene silencing 
effects based on post-transcriptional regulation appear to be 
specific to plants. 

The identification of the underlying mechanisms for the 
different gene silencing phenomena in plants will not only 
improve the stability of gene expression in transgenic plants, 
a major prerequisite for the application of transgenic material. 
It should· also provide a better understanding of cellular 
mechanisms that control promoter activity, RNA transport, 
RNA stability or other steps involved in gene expression. 

The authors of the plant articles have tried to simpl ify the 
understanding of their very specialized research topics by 
providing some basic information on the common genetic 
and molecular tools used in plant molecular biology. I hope 
that this presentation especially encourages readers who 
are not working on plants to use this book to learn about a 
fascinating topic and to discover similarities with their own 
research systems. The four articles on gene silencing 
phenomena in Drosophila, filamentous fungi and mammalian 
systems should provide a basis for a comparative evaluation. 

Considering the common tendency in biological research 
to work on more and more specialized subjects, this book 
might stimulate some interdisciplinary research projects to 
compare gene regulation mechanisms in different eukaryotes. 

I am most grateful to the authors of this volume who 
provided excellent articles at short notice. I would like to 
thank Heinz Saedler for initiating this book, Sarah Grant and 
Bob Dietrich for helping me with the editing process, and 
Marga Botsch and Doris Walker for correspondence and 
technical editing. 

PETER MEYER 
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In this chapter, we focus on a specific class of homology-dependent gene 
silencing, epistatic trans-inactivation, in one plant species, Nicotiana tabacum 
(tobacco). Epistatic trans-inactivation is defined as a nonreciprocal interaction that 
occurs between homologous, or partially homologous, transgenes present at 
nonallelic (ectopic) chromosomal locations, and the outcome is that one trans
gene locus becomes inactivated in the presence of the second (reviewed in 
MATZKE et al. 1994b). This phenomenon possibly results from the unidirectional 
transmission of a hypermethylated state at one locus to a homologous unmeth
ylated region at the second locus. There are now several examples of epistatic 
trans-inactivation in transgenic tobacco. We will review these cases and contrast 
them with other classes of homology-dependent gene silencing such as paramu
tation (an allelic interaction) and co-suppression/sense suppression (a reciprocal 
ectopic interaction). Even though the consequences of co-suppression and 
epistatic trans-inactivation are similar, i.e., silencing of homologous genes, they 
can be distinguished by a number of features, thus pointing toward fundamentally 

Institute of Molecular Biology, Austrian Academy of Sciences, Billrothstrasse 11, 5020 Salzburg, 
Austria 
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different mechanisms for the two processes. In contrast, there are notable 
similarities between some paramutation systems and epistatic trans-inactiva
tion. 

2 Experimental System 

Tobacco is a dicotyledonous plant that has been widely used in studies on plant 
gene expression, primarily because leaf cells can be transformed easily with 
foreign DNA and subsequently regenerated into whole, fertile plants. Indeed, this 
tractability is reflected in the fact that tobacco was one of the first plants to be 
engineered genetically (for example, see BARTON et al. 1983). Tobacco is a natural 
allotetraploid originating from two ancestral diploid species, N. sylvestris and 
either N. tomentosiformis or N. otophora (KENTON et al. 1993). Nevertheless, with 
respect to inheritance of foreign genes, tobacco behaves as a diploid. 

A common method for transforming tobacco uses vectors based on the 
transferred DNA (T-DNA) region of the Agrobacterium tumefaciens tumor
inducing (Ti) plasmid in conjunction with the so-called leaf disc method. In this, 
tobacco leaf pieces are incubated with a suspension of Agrobacterium cells 
containing a modified Ti plasmid that includes an antibiotic selection marker able 
to function in plant cells. Single leaf cells that have received the selectable marker 
gene (and any other genes positioned between the borders of the T-DNA) are able 
to divide and differentiate on a medium containing the appropriate antibiotic and 
a plant hormone to induce shoot regeneration. 

Although this procedure provides a simple way to produce transgenic tobac
co plants, achieving expression of transferred genes has not been so straightfor
ward. In any given experiment it was possible to find a subset of transformants 
that expressed strongly a given gene; nevertheless, there were almost invariably 
plants that exhibited low or unstable expression. Such cases were usually 
attributed to ill-defined position effects. However, with the recent realization that 
low (or no) expression was often coupled to the presence of multiple copies of 
homologous transgenes at both linked and unlinked chromosomal locations, a 
new framework has evolved for studying and understanding anomolous behavior 
of transgenes in plants. 

3 Multiple Copies of Transgenes Are Often 
Poorly Expressed 

That multiple copies of transgenes could negatively affect expression was only 
discovered when investigators focused on plants exhibiting weak activity of 
transgenes. This was not initially a priority, since early studies were mainly 
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concerned with plants displaying strong and/or tissue-specific expression of 
transgenes. Several studies on T-DNA structure and activity in transgenic petu
nias revealed a loose association between low expression and multiple and/or 
rearranged T-DNA copies integrated at a single locus (JONES et al. 1987; DERCJLES 
and GARDNER 1988). 

The clearest indication that mUltiple copies of homologous transgenes could 
lead to silencing of transgene expression in tobacco came in sequential transfor
mation experiments in which a previously active transgene locus, K, became 
inactive and methylated following the introduction-by retransformation-of a 
second, partially homologous construct, H (Fig. 1; MATZKE et al. 1989). An 
important aspect that distinguished these experiments from previous ones was 
that both the methylation and the inactivation were gradually reversible when 
the second ("silencing") transgene locus was segregated away from the first 
("target") locus. This established that the silencing of the target locus K was 
directly dependent on the presence of the silencing locus H, and not just due to 
progressive inactivation and methylation, as would be expected of a foreign DNA 
response (BESTOR 1990; DOERFLER 1991). A second novel feature was that unlike 
previous studies involving multiple transgene copies at a single locus, the target 
locus and silencing locus were clearly shown to be unlinked. This introduced the 
notion that copies of homologous transgenes on nonhomologous chromosomes 
could somehow interact to modify gene expression and induce epigenetic 
alterations. 

K 
retronsform • 

H ""~ ...... """,,,,,,,,,,,,,,,-.-;H~Y:..;G;:,,,,,,.'LO::..C::..:S;:,,,,,, __ %,,",,%:II:.::I. si lenci ng --
Ho ,--,-H:...:Y.=.G-::-,'-..::Oc.::C.=.S::--_...:.%~:;e_ 5 i Ie nc i n 9 --

HYG • ocs silencing 

He OCS HYG nonsi lencing 

Fig. 1. Homology requirement for epistatic trans-inactivation in tobacco. A previously active transgene 
locus K. which encoded resistance to kanamycin (KANI and nopaline synthase (NOS!. became inactive 
and methylated when the H construct was introduced by retransformation (MATZKE et al. 1989) Regions 
of homology on K and H consisted of four copies of the NOSpro (black boxes). approximately 800 bp nos 
coding sequence (slashed region) and approximately 2.5 kb at the left border (cross-hatched region). 
Modified H constructs (Ha, Hb, Hc) were tested for their ability to trans~nactivate the target K locus. 
Homology in the NOSpro alone (Hb) was sufficient to silence and methylate both the KAN and NOS 
markers at the K locus (data not shown) An H construct in which all regions of homology to K were 
removed (He) did not silence K locus markers. The hygromycin resistance marker (HYG) was always 
under the control of the 35Spro, as was the OCS marker in He. Arrows show the orientation of the genes 
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Two other studies in transgenic tobacco confirmed the basic observation that 
homologous, or partially homologous, unlinked transgenes could interact in plant 
nuclei, leading to reduced expression of a target transgene locus. HOBBS and 
co-workers (1990) identified transgenic tobacco lines that either strongly or 
weakly expressed a transgene construct that encoded resistance to kanamycin 
and ~-glucuronidase activity. Strongly expressing lines normally contained single, 
unmethylated copies of the construct, whereas weakly expressing lines con
tained more than one copy and these were methylated. When one weakly 
expressing line, containing two methylated copies of the construct arranged as an 
inverted repeat, was crossed with a strongly expressing line, the activity of the 
latter was reduced. This decreased activity was accompanied by increased 
methylation. Both the methylation and the inactivation were reversed when the 
interacting loci segregated in progeny (HOBBS et al. 1993). 

VAUCHERET (1993) crossed a transgenic tobacco line that was homozygous for 
a silencing locus with more than 20 other tobacco lines that contained a variety of 
different target transgene constructs. The primary region of homology present 
between the silencing locus and various potential target loci consisted of the 35S 
promoter (35Spro) and/or the 19S promoter (19Spro) of cauliflower mosaic virus. 
Inactivation of all target transgenes was observed, even when the region of 
homology was reduced to 90 bp of the 35S promoter. In the silenced target 
transgenes examined, increased methylation was detected. The observed inacti
vation was at least partially reversible after crossing out the silencing locus. The 
silencing locus, which itself was not expressed, contained multiple, methylated 
copies of the transgene construct. 

Three separate studies using transgenic tobacco plants thus established that 
a previously active, un methylated target transgene locus could be reversibly 
inactivated and methylated when combined with a silencing locus that shared 
regions of homology with the target. Using these three studies as models for 
epistatic trans-inactivation, we will now consider the following points: (1) What 
regions of homology are important for epistatic silencing? (2) What are the 
characteristics of epistatic silencing loci? (3) Do potential target loci vary in their 
susceptibility to epistatic silencing? (4) What is the mechanism of epistatic 
silencing? (5) What are the genetic implications of the gradual recovery of target 
locus expression after segregating out a silencing locus? 

4 Region of Homology Important for Silencing 

Different regions of homology might be required to bring about either co
suppression or epistatic silencing. For example, in all cases of co-suppression, 
homology has comprised the protein coding region, and in only some cases, 
promoter segments in addition. Indeed, the usual design to achieve co-suppres
sion is to place a cDNA copy of a gene under the control of a strong promoter, 



trans-Inactivation of Hom'ologous Sequences in Nicotiana tabacum 5 

such as the 35Spro, and introduce the construct into the appropriate plant that 
has the endogenous homologous gene driven by its own promoter. Instead of 
overexpression of the gene, which might be expected with such constructs, 
expression of both the transgene and the homologous endogenous gene often 
collapses completely (reviewed in JORGENSEN 1990, 1992). 

Although coding region homology effectively elicits co-suppression, several 
studies suggest that homology in promoter regions alone is sufficient to provoke 
epistatic trans-inactivation. In our original constructs, the target and silencing 
locus shared several regions of homology in addition to promoter fragments 
(MATZKE et al. 1989). Modified constructs have since established that homology 
comprising the nopaline synthase promoter (NOSpro) only is able to induce 
silencing of the target locus (Fig. 1). The silencing locus described by VAUCHERET 
(1993) also was homologous only to the promoter regions of inactivated target 
genes. 

It can be provisionally concluded that the basic homology requirements for 
co-suppression and epistatic trans-inactivation differ: the former relies on coding 
sequence homology, whereas the latter can be observed when homology is 
limited to promoter regions. An unanswered question is whether DNA sequenc
es that neither encode proteins nor supply traditional regulatory regions can be 
involved in homology-dependent gene silencing. 

5 Characteristics of Epistatic Silencing Loci 

In the study of HOBBS and co-workers (1990, 1993) and that of VAUCHERET (1993). 
each respective silencing locus was either weakly expressed or not expressed at 
all, and each silencing locus contained multiple copies of the transgene construct, 
which were methylated. We propose that this feature-hypermethylation
endows a locus with silencing ability. This proposal is derived from our compara
tive analysis of several transgene loci that contained the same construct but had 
variable silencing effects on a given target locus. 

Three transgene loci (containing the same construct, H) that differentially 
affected a target transgene locus, K, were identified in a genetic analysis (MATZKE 
et al. 1993). In the presence of the H) locus, Kwas neither inactivated nor meth
ylated. When combined with H3, the K locus was partially inactivated and 
methylated when hemizygous (K-), and more completely inactivated and methy
lated when homozygous (KK). The H2 locus induced complete inactivation and 
methylation of K in both the hemizygous and the homozygous state. 

An analysis of the copy number of the H construct at the three H loci 
demonstrated that H) contained a single copy of the H construct, whereas H2 and 
H3 comprised multiple copies. Moreover, H2 and H3 were methylated in the region 
of homology common to the H construct and the inactivated genes at K, i.e., the 
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NOSpro. There was also a correspondence between the degree of methylation at 
H2 or H3 and the degree of methylation each imposed on K: H3, which partially 
methylated K. was also partially methylated; H2, which completely methylated K, 
was likewise completely methylated. In contrast, HI' which did not induce 
methylation of K, was not methylated in the NOSpro. That the degree of 
methylation determined the silencing strength was further substantiated by 
generating epialleles of the strongly silencing H2 locus: Two of these were less 
methylated and they no longer completely inactivated or methylated Kin first
generation progeny (MATZKE et al. 1994a). 

These results seemed to indicate that silencing loci contained multiple, 
methylated copies of the H transgene construct, and that the degree of methyla
tion of a silencing locus could determine the extent to which it inactivated and 
methylated K. If an H locus contained an unmethylated copy of the H construct, as 
was the case with HI' K remained un methylated and continued to be expressed. 
(As a demonstration that partially homologous, un methylated transgene copies 
can be expressed indefinitely, it is significant that a 6-year-old transgenic tobacco 
plant with a genotype of KK/ HI - still stably expresses both the nos and ocs genes, 
the biochemical markers at the K and H loci, respectively.) Although all epistatic 
silencing loci examined so far contain multiple linked copies of a given transgene 
construct [multiple copies tend to methylate de novo by an unknown mechanism 
(MinELsTEN SCHEID et al. 1991; ASSAAD et al. 1993)]. it should be noted that even 
single copies of transgenes can become methylated (PROLS and MEYER 1992) and 
these could conceivably act as silencing loci. 

An important point relevant for the epistatic nature of the phenomenon is that 
the H2 and H3 silencing loci were methylated prior to interacting with K, whereas 
K only became methylated and inactivated after encountering H2 or H3 (MATZKE 
et al. 1993, 1994a). In other words, the hypermethylated state of a silencing locus 
determines its epistatic character: Approximately the same degree of methyla
tion attained independently by a silencing locus can be imposed on the target K 
locus. This process is not accompanied by significant change in the methylation 
state of the silencing locus (Fig. 2). In contrast, reciprocity is characteristic of co
suppression: The expression of both the transgene and the endogenous gene is 
required to observe the ultimate effect, which is the reduction of steady state 
mRNA levels from both genes (KOOTER and MOL 1993; FRAY and GRIERSON 1993). 

We have recently analyzed additional silencing loci containing the transgene 
constructs Ha and Hb (Fig. 1). In further support of our proposal. the ability to 
silence the target K locus was correlated with degree of methylation at a given H 
locus (A. Matzke and M. Matzke, unpublished data). Thus, all cases of epistatic 
silencing loci so far examined in tobacco appear to conform to the pattern of 
multiple, methylated transgene copies (we have not addressed the arrangement 
or completeness of these copies). This has implications for possible mechanisms 
(Sect. 7). 

The methylated state of epistatic silencing loci is reminiscent of at least some 
examples of paramutation; a silencing locus would simply be analogous to a 
paramutagenic allele. Methylated paramutagenic alleles have been described for 
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Fig. 2. Epistatic trans~nactivation. A silencing locus, H, independently acquires methylation (He) 
because it contains multiple copies of the transgene construct H and/or because it has integrated into 
methylated plant DNA. When a susceptible, partially homologous target locus KO is combined with H·, 
it becomes inactivated and acquires a comparable degree of methylation (Ke). This possibly occurs via 
a DNA pairing-dependent process of "epigene conversion" (MATZKE et al. 1994a). When Ke and He 
segregate, Ke only progressively reactivates and loses methylation We -'> K'" -'> K). Thus, He heritably 
imprints KO, but does not itself change appreciably as a result of the interaction. Symbols: A superscript 
open circle denotes a susceptible target locus, i.e., one that has a slight inclination to spontaneously 
methylate, but normally only increases significantly in methylation after interacting with a silencing 
locus. A hypermethylated state is designed by a superscript closed circle. A superscript half-closed 
circle indicates partial loss of methylation. This means specifically the loss of methylation in some cells 
but not others, thus setting up a cellular mosaic of methylation at single restriction enzyme sites 
(MATZKE and MATZKE 1991; NEUHUBER et al. 1994) 

a maize Ai transgene locus in petunia (MEYER et al. 1993) and for the R locus in 
maize (J. Kermicle and M. Alleman, personal communication). 

6 Susceptibility of Potential Target Transgene Loci 
to trans-Inactivation 

The possibility that different (trans)genes could vary in their susceptibility to 
silencing effects originally came under consideration because of several reported 
cases in which introduction of a homologous transgene did not lead to any co
suppression involving the endogenous homologous gene. To account for these 
cases, it was suggested that (trans)genes could vary in their sensitivity to 
homology-dependent gene silencing (MATZKE and MATZKE 1993). This issue has 
become less clear-cut with the realization that different types of gene silencing 
are probably due to different mechanisms; therefore, the lack of silencing in a 
potential case of co-suppression may not be relevant for potential cases of 
epistatic trans-inactivation. Nevertheless, an analysis of transgene susceptibility 
to any type of homology-dependent gene silencing could reveal unsuspected 
features. 

Such an investigation was carried out using four independent tobacco trans
formants, each containing the same transgene construct (H) integrated at differ
ent chromosomal locations (NEUHUBER et al. 1994). Susceptibility of each H locus 
to trans-inactivation was to be evaluated by retransforming leaf disks of each H 
line with a second, partially homologous construct, K (regions of homology 
consisted of the 35Spro). Numerous regenerated" double transformants," which 
contained the H locus and the K construct integrated at different sites, were 
screened for inactivation of H locus markers. Two sources of inactivation were 
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identified. The first, which was independent of any K locus, resulted from the fact 
that two H lines were found to be intrinsically unstable when homozygous; this 
instability was manifested as inactivation of one or both H alleles in individual 
cells, leading to mosaic expression of H locus markers in leaves. As a conse
quence, double transformants regenerated from single leaf cells of these two 
homozygous lines often contained irreversibly inactivated H marker genes. In 
contrast, the other two H lines were stably expressed, meaning that all (or most) 
leaf cells expressed H locus markers, and this was unchanged in regenerated 
double transformants. 

Concerning the original question of susceptibility to trans-inactivation in the 
presence of a partially homologous K locus, it was only with the two unstable H 
lines that cases of K locus-dependent trans-inactivation were found. This inacti
vation was reversed when K was segregated away from H, and was correlated 
with increased methylation of the H locus in the presence of a silencing K locus. 
Moreover, the one silencing K locus studied in detail comprised at least some 
duplications of the K construct and was partially methylated in the 35Spro 
(NEUHUBER et al. 1994). This system was thus similar to other cases of epistatic 
trans-inactivation described above. 

From. this analysis it was concluded that H loci that are susceptible to 
epistatic trans-inactivation are inherently unstable, with a tendency to become 
methylated and less active spontaneously, i.e., even in the absence of any 
silencing K locus. These intrinsic characteristics were particularly pronounced 
when the H locus was homozygous, suggesting that interactions between H 
alleles were contributing to the observed instability. The additional presence of a 
partially homologous K locus could also trigger conversion of a susceptible H 
locus to a less active and more methylated state. Because the behavior and 
methylation patterns of H-/K- genotypes were more similar to HH/- - genotypes 
than to H-/- - genotypes, it was concluded that a K locus could substitute for an H 
allele in what was otherwise an interaction between H alleles. 

Although this conclusion was derived from a single study, the proposal that 
susceptible transgene loci are intrinsically unstable and prone to methylation may 
be applicable to other cases of epistatic trans-inactivation and paramutation. For 
example, it has been shown that a paramutable (i.e., sensitive) R allele is 
inherently unstable, with a propensity to spontaneously decrease in activity even 
in the absence of a paramutagenic R allele (BRINK et al. 1968). In addition, an 
intensively studied target transgene locus, K, was also shown to be partially 
methylated in one plant without ever having encountered a silencing locus 
(MATZKE et al. 1993). Thus a paramutagenic allele or silencing locus might only 
serve to potentiate an intrinsic instability of a paramutable allele or target locus. 
This conclusion was reached for paramutable R alleles some time ago (BRINK et al. 
1968). 

Finally, recent results from crosses of transgenic tobacco plants containing 
different epistatic silencing loci also suggest that susceptibility might indeed be 
due to an intrinsic instability and tendency to methylate: The 35Spro-driven 
hygromycin resistance marker on the H210cus that we have described (recall that 
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H2 itself is a potent silencer of NOSpro-driven genes) was more sensitive than any 
other target tested to inactivation by the epistatic silencing locus characterized by 
VAUCHERET (1993). which silences target genes under the control of either the 
35Spro or 19Spro (H. Vaucheret, personal communication). Interestingly, the 
copies of the 35Spro at the H210cus were shown to be partially methylated even 
prior to being crossed with the Vaucheret silencing locus (MATZKE et al. 1994a). 
Therefore, it is possible that the extreme sensitivity of H2 to inactivation by 
the Vaucheret silencing locus is related to its inherent inclination to become 
methylated. 

7 Mechanism of Epistatic trans-Inactivation 

The mechanism of homology-dependent gene silencing has been pursued with 
great interest, particularly because different experimental systems have led 
researchers to suggest a variety of competing mechanisms (reviewed in 
JORGENSEN 1992; MATZKE and MATZKE 1993). By now, it is quite clear that several 
cases of co-suppression are the result of post-transcriptional events (DE CARVALHO 
et al. 1992; KOOTER and MOL 1993). Accordingly, transgene loci that elicit 
co-suppression are often transcribed at a high level (DE CARVALHO et al. 1992). This 
presumably produces abundant RNA that triggers turnover processes, resulting 
in disappearance of the RNA from the steady state pool. 

In contrast to the relatively well-accepted role of post-transcriptional events 
in co-suppression, it is not clear that similar processes are operating in epistatic 
trans-inactivation. Any mechanism based on antisense RNA or RNA turnover was 
initially ruled out because promoter homology alone was apparently sufficient to 
induce silencing of target genes. Instead, competition for nondiffusible transcrip
tion factors was suggested (MATZKE and MATZKE 1990). Even homology that is 
restricted to promoters, however, can still contribute short 5'-untranslated re
gions to the transcript (ca. 35 bp in the case of NOSpro and ca. 15 bp in the case 
of the 35Spro). Either sense or antisense RNAs transcribed from these short 5' 
leaders could conceivably trigger turnover of RNAs that have this sequence in 
common, even if they have different coding regions. Therefore, unless transcrip
tion run-on experiments are performed, it is not possible to completely rule out 
that post-transcriptional processes also playa role in epistatic trans-inactivation. 

There is only one published case of epistatic trans-inactivation in which 
nuclear run-on transcription has been performed and this seemed to indicate that 
silencing was due to transcriptional inactivation (NEUHUBER et al. 1994). In the well
defined system involving silencing of NOSpro-driven genes (MATZKE et al. 1989, 
1993, 1994a), transcription from the NOSpro was weak and difficult to detect 
above background in run-on transcription experiments. However, even in this 
case, preliminary results suggest that the target transgenes are inactivated at the 
transcriptional level (Y.-D. Park and A.J.M. Matzke, unpublished results). 
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Several cases of paramutation have been shown to be due to transcriptional 
inactivation (MEYER et al. 1993; PATIERSON et al. 1993). The system described by 
MEYER and co-workers is most relevant for comparisons to epistatic silencing 
since it involves a methylated paramutagenic allele that inactivates and methy
lates a paramutable allele. 

Even though extensive evidence for transcriptional inactivation in cases of 
epistatic trans-inactivation is lacking, we believe that the available information 
implies a specific mechanism. The key observation is that all epistatic silencing 
loci examined to date are methylated in the regions of homology to the target 
locus, prior to interacting with the target. It is difficult to envisage how a 
methylated transgene locus could produce sufficient amounts of RNA homolo
gous to the target locus to initiate RNA turnover. As mentioned above, transgene 
loci inducing co-suppression seem to be transcribed at a high level (DE CARVALHO et 
al. 1992). In complete contrast, epistatic silencing loci, which are methylated, are 
often weakly expressed (HOBBS et al. 1993) and one (VAUCHERET 1993) is not 
expressed at all. Furthermore, an RNA turnover mechanism is inconsistent with 
our observation that reducing the degree of methylation within the H2 silencing 
locus (which should, in principle, increase its expression), weakenedthe silencing 
ability of two H2 epialleles (MATZKE et al. 1994a). Finally, with respect to competi
tion for transcription factors, methylated promoters should exclude, not seques
ter, transcription factors. 

If RNA turnover and sequestration of transcription factors can be ruled out, 
what possibilities remain? We believe that a process requiring pairing of homolo
gous DNA sequences is most consistent with results obtained from systems 
exhibiting epistatic trans-inactivation. The plausibility of this suggestion derives 
from related phenomena in other organisms: Pairing of duplicated sequences in 
some filamentous fungi can lead to methylation and inactivation of the repeated 
genes, and pairing of some alleles in Orosophila can lead to gene inactivation 
and chromatin condensation (reviewed in MATZKE et al. 1994b). Epistatic trans
inactivation thus would require DNA sequence homology to allow pairing of 
interacting loci, as well as a silencing locus that is methylated prior to the pairing 
event. We have incorporated these features into a model in which the 
hypermethylated state of the silencing locus is imposed on an un methylated 
homologous target locus via a process of" epigene conversion" [a term proposed 
by SABL and LAIRD (1992) to account for nonmendelian features of Huntington's 
disease in humansl. The pairing of methylated and unmethylated homologous 
sequences could produce a hemimethylated intermediate that is the preferred 
substrate of maintenance methylase (MATZKE et al. 1994a). This model can also be 
applied to cases of paramutation involving methylation. It has in fact been 
suggested that an epigenetic difference between paired paramutagenic and 
paramutable alleles triggers conversion of the latter to a less active, methylated 
state (MEYER et al. 1993). 

So far, there is no direct evidence that pairing is involved in either epistatic 
trans-inactivation or paramutation. Pairing is comparatively easy to envision for 
paramutation, since alleles might be able to interact more readily than unlinked 
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homologous sequences. Indeed, it is difficult to conceive how an inactive, 
methylated allele can impose this state on a normally active, unmethylated 
counterpart unless direct physical contact is involved (MEYER et al. 1993). There
fore, the demonstration that an ectopic interaction can produce effects similar to 
an allelic interaction (NEUHUBER et al. 1994) helps to extend the concept of pairing 
to both processes. 

In summary, the mechanism of epistatic trans-inactivation has not been 
unequivocally established. However, the common characteristics of known 
epistatic silencing loci, most notably independently acquired hypermethylation, 
argue for a mechanism based on transmission of an inactive (or less active) state 
from the silencing locus to a normally active homologous target. 

8 Genetic Implications of Delayed Recovery 
of Inactivated Target Loci 

Regardless of the mechanism of epistatic trans-inactivation, a distinctive feature 
is that the genetic potential of the target locus is changed in a way that persists 
even after crossing out a silencing locus. As originally described for paramutation 
of Ralleles in maize (BRINK et al. 1968), epistatic silencing of transgenes in tobacco 
leaves a heritable imprint-methylation has been identified so far-on the target 
locus, which subsequently takes several generations to lose methylation and 
recover full activity after being separated from the silencing locus (MATZKE and 
MATZKE 1991). In contrast, it has been claimed for several co-suppression systems 
that expression of an endogenous gene returns immediately to wide-type levels 
following transgene segregation (DOONER et al. 1991; FRAY and GRIERSON 1993). 
This behavior is compatible with the RNA turnover mechanism believed to be 
operating in co-suppression, since as soon as the excess RNA resulting from 
transgene transcription is no longer available to trigger turnover, the endogenous 
gene should be expressed normally. The imprint persisting at a target locus 
following an interaction with an epistatic silencing locus is inconsistent with the 
abrupt reversal of inactivation expected with an RNA turnover mechanism, but 
entirely compatible with epigene conversion: The methylated silencing locus 
imprints the homologous target locus with a comparable degree of methylation, 
and if the loss of methylation is inefficient, the imprint lingers even in the absence 
of the silencing locus. 

That the genetic potential of a target locus can be changed (temporarily) by 
exposure to a silencing locus imparts a nonmendelian quality to epistatic trans
inactivation, as was previously recognized for paramutation (BRINK et al. 1968). 
Mendelian genetics states that segregating genes do not have a residual influ
ence on each other. However, it is now clear that this principle can be violated, at 
least in plants, because of heritable epigenetic alterations brought about by allelic 
or ectopic interactions between homologous DNA sequences. 
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If methylation of a target locus declines steadily over several generations, but 
to different degrees in individual plants, then substantial epigenetic variation 
could be produced in a population. Indeed, sibling plants with the same trans
genotype were found to have different degrees of transgene methylation and 
hence, they displayed a range of Kan R phenotypes (MATZKE and MATZKE 1991). If 
these results can be generalized to endogenous plant genes, it is likely that 
epigenetic variation arising from both the immediate and the lingering effects of 
homology-dependent gene silencing can contribute substantially to phenomena 
such as incomplete penetrance and variable expressivity. 

9 Conclusions 

We have argued that epistatic trans-inactivation involves the imposition of meth
ylation from a hypermethylated silencing locus onto a susceptible, hypomethylat
ed target locus by a mechanism that requires pairing of homologous DNA 
sequencE;ls. This process is nonreciprocal because the silencing locus indepen
dently achieves a hypermethylated state whereas the target locus requires 
interaction with the silencing locus before it acquires significant methylation. 
Epistatic trans-inactivation is thus distinct from co-suppression, which depends 
on transcription of a transgene and the endogenous homologous gene (or a 
second transgene copy) to achieve gene silencing via an RNA turnover mecha
nism. Additional features that could distinguish co-suppression from epistatic 
trans-inactivation are compiled in Table 1. Since information on these specific 
points is still lacking from many silencing systems, this list can provide a 
framework for future studies on homology-dependent gene silencing. Epistatic 
trans-inactivation does share characteristics with several paramutation systems; 
these characteristics include the involvement of a hypermethylated silencing 
(paramutagenic) locus and the imprinting of heritable epigenetic modifications on 
the target (paramutable) locus. 

Table 1. Features that might be used to distinguish co-suppression from epistatic trans-inactivation 

Homology 

Epigenetic modifications 
of target locus? 

Recovery 

Mechanism 

Silencing locus 

Co-suppression 

Coding region 

Variable 

Immediate 

RNA Turnover 

Highly transcribed 

Epistatic trans-inactivation 

Promoter 

Methylation 

Gradual 

Transcriptional inactivation 

Methylated 

Acknowledgements. We thank the Austrian Fonds zur F6rderung der wissenschaftlichen Forschung 
and the Bundesministerium fur Wissenschaft und Forschung for financial support. We also thank 
H. Vaucheret for communicating unpublished results. 



trans-Inactivation of Homologous Sequences in Nicotiana tabacum 13 

References 

Assaad F, Tucker KL, Signer ER (1993) Epigenetic repeat-induced gene silencing (RIGS) in Arabidopsis. 
Plant Mol Bioi 22: 1067-1085 

Barton K, Binns A, Matzke AJM, Chilton M-D (1983) Regeneration of intact tobacco plants containing full 
length copies of genetically engineered T-DNA, and transmission of T-DNA to R1 progeny. Cell 32: 
1033-1043 

Bestor TH (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 lond IBio11326: 179-187 

Brink RA, Styles ED, Axtell JD (1968) Paramutation: directed genetic change. Science 159: 161-170 
de Carvalho F, Gheysen G, Kushnir S, Van Montagu M, Inze D Castresana C (1992) Suppression of P-1 ,3-

glucanase transgene expression in homozygous plants. EMBO J 11: 2595--2602 
Deroles SC, Gardner RC (1988) Analysis of the T-DNA structure in a large number of transgenic petunias 

generated by Agrobacterium-mediated transformation. Plant Mol Bioi 11: 365-377 
Doerfler W (1991) Patterns of DNA methylation-evolutionary vestiges of foreign DNA inactivation as a 

host defense mechanism. Bioi Chem Hoppe Seyler 372: 557-564 
Dooner HK, Robbins TP, Jorgensen RA (1991) Genetic and developrnental control of anthocyanin 

biosynthesis. Annu Rev Genet 25: 173-199 
Fray RG, Grierson D (1993) Molecular genetics of tomato fruit ripening. Trends Genet 9: 438--443 
Hobbs SlA, Kpodar P, Delong CMO (1990) The effect of T-DNA copy number, position and methylation 

on reporter gene expression in tobacco transformants. Plant Mol Bioi 15: 851-864 
Hobbs SlA, Warkentin TD, Delong CMO (1993) Transgene copy number can be positively or negatively 

associated with transgene expression. Plant Mol Bioi 21: 17-26 
Jones JDG, Gilbert DE, Grady Kl, Jorgensen RA (1987) T-DNA structure and gene expression in petunia 

plants transformed by Agrobacterium tumefaciens C58 derivatives. Mol Gen Genet 207: 478--485 
Jorgensen R (1990) Altered gene expression in plants due to trans interactions between homologous 

genes. Trends Biotechnol 8: 340-344 
Jorgensen R (1992) Silencing of plant genes by hornologous transgenes. Ag Biotech News Info 4: 

265N-273N 
Kenton A, Parokonny AS, Gleba YY, Bennett MD (1993) Characterization of the Nicotiana tabacum l. 

genome by molecular cytogenetics. Mol Gen Genet 240: 159-169 
Kooter JM, Mol JNM (1993) Trans-inactivation of gene expression in plants. Curr Opin Biotechnol 4: 

166-171 
Matzke MA, Matzke AJM (1990) Gene interactions and epigenetic variation in transgenic plants. Dev 

Genet 11 :214-223 
Matzke MA, Matzke AJM (1991) Differential inactivation and methylation of a transgene in plants by two 

suppressor loci-containing homologous sequences. Plant Mol Bioi 16: 821-830 
Matzke MA, Matzke AJM (1993) Genomic imprinting in plants: parental effects and trans-inactivation 

phenomena. Annu Rev Plant Physiol Plant Mol Bioi 44: 53-76 
Matzke MA, Primig M, Trnovsky J, Matzke AJM (1989) Reversible methylation and inactivation of 

marker genes in sequentially transformed tobacco plants. EMBO J 8: 643-649 
Matzke MA, Neuhuber F, Matzke AJM (1993) A variety of epistatic interactions can occur between 

partially homologous transgene loci brought together by sexual crossing. Mol Gen Genet 236: 
379-386 

Matzke AJM, Neuhuber F, Park Y-D, Ambros PF, Matzke MA (1994a) Homology-dependent gene 
silencing in transgenic plants: epistatic silencing loci contain multiple copies of methylated trans
genes. Mol Gen Genet 244: 219-229 

Matzke MA, Matzke AJM, Mittelsten Scheid 0 (1994b) Inactivation of repeated genes-DNA-DNA 
interaction? In: Paszkowski J (ed) Homologous recombination and gene silencing in plants. Kluwer, 
Dordrecht, p. 271-307 

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

Mittelsten Scheid 0, Paszkowski J, Potrykus I (1991) Reversible inactivation of a transgene in 
Arabidopsis thaliana. Mol Gen Genet 228: 104-112 

Neuhuber F, Park Y-D, Matzke AJM, Matzke MA (1994) Susceptibility of transgene loci to homology
dependent gene silencing. Mol Gen Genet 244: 230-241 

Patterson G, Thorpe CJ, Chandler Vl (1993) Paramutation, an allelic interaction, is associated with a 
stable and heritable reduction of transcription of the maize b regulatory gene. Genetics 135: 881-894 

Prols F, Meyer P (1992) The methylation patterns of chromosomal integration regions influence gene 
activity of transferred DNA in Petunia hybrida. Plant J 2: 465-475 



14 A.J.M. Matzke and M.A. Matzke: trans-Inactivation of Homologous Sequences 

Sabl JF, Laird CD (1992) Epigene conversion: a proposal with implications for gene mapping in humans. 
Am J Hum Genet 50: 1171-1177 

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 316: 1471-1483 



DNA Methylation and Transgene Silencing 
in Petunia hybrida 
P. MEYER 

1 Introduction 

2 DNA Methylation in Plants .. 

3 The A 1 Marker System. 

4 Copy Number-Dependent Gene Silencing ... 

5 Paramutation. 

6 Position Effects ................. . 

7 Endogenous and Environmental Factors That Influence DNA Methylation. 

8 Molecular Mechanism Inducing De Novo DNA Methylation ......... . 

9 Outlook 

References .............. . 

1 Introduction 

15 

16 

18 

20 

21 

22 

24 

24 

26 

26 

Changes in DNA methylation patterns are frequently associated with the modifi
cation of gene expression in mammalian and plant cells. This article summarizes 
data about transgene silencing accompanied by DNA hypermethylation in trans
genic petunia plants carrying the A 1 gene from Zea mays. Introduction of the Al 
marker gene triggers the accumulation of brick-red pelargonidin pigments in floral 
cells of transgenic Petunia hybrida. Therefore, the system provides a model to 
study transcription of transgenes. Petunia plants are especially suitable for long
term studies on transgene stability because individual plants, regenerated from 
leaf tissue or single protoplasts, can be preserved in tissue culture or in the 
greenhouse over several years. Defined genotypes are readily propagated and 
amplified via stem cuttings or protoplast culture. New flowers continuously 
emerge from plants grown in the greenhouse, which allows a constant monitor
ing of transgene expression. Transcription instabilities are detected by changes in 
floral pigmentation patterns, and epigenetic variants of isogenic material can be 
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selected and propagated as individual plants, thus providing sufficient amounts of 
plant tissue for molecular analysis. 

The system has proven to be particularly useful for the identification of 
mUltiple parameters that influence DNA methylation patterns (LINN et al. 1990; 
PROLS and MEYER 1992; MEYER et al. 1992b). Furthermore it has provided an insight 
into the influence of DNA methylation on homology-dependent gene silencing 
phenomena (MEYER et al. 1993, 1994). A comparison of DNA methylation patterns 
with their accompanying chromatin conformation suggested that DNA hyperme
thylation is associated with a local condensation of chromatin, which points to a 
mutual interaction of these two molecular mechanisms in the regulation of gene 
expression. 

2 DNA Methylation in Plants 

While in most vertebrates less than 10% of all cytosines are methylated 
(VANYUSHIN et al. 1970), plants contain up to 30% of m5C residues (ADAMS and 
BURDON 1985). The high proportion of methylated C residues is mainly due to two 
facts. Angiosperm genomes contain a higher proportion of CpG dinucleotides, 
the common recognition sequence for DNA methylation in animals and plants, 
and plants provide additional target sequences for DNA methylation, as methylat
ed C residues are located within CpG or CpNpG sequences (GRuENBAUM et al. 
1981). The higher rate of CpG dinucleotides in plants compared to vertebrates is 
probably due to differential degrees of CpG depletion. According to the deamina
tion theory, m 5C residues can undergo deamination to thymine, which leads to a 
depletion of CpG dinucleotides and an elevation of TpG and CpA dinucleotides 
(COULONDRE et al. 1978). Depletion levels are determined by comparing the 
numbers of observed CpG dinucleotides with the level expected from the base 
composition. In animals CpG dinucleotides are depleted to levels between 0.15% 
and 0.35% (JOSSE et al. 1961; RUSSELL et al. 1976), while dicot and monocot 
genomes only show a depletion to levels of 0.68% and 0.79%, respectively 
(GARDINER-GARDEN et al. 1992). It has been suggested that different depletion levels 
reflect a more efficient mismatch repair system in plants or a lower degree of 
DNA methylation in plant cells that contribute to the germ cells (GARDINER-GARDEN 
et al. 1992). 

The degree of DNA methylation varies among individual plant species. 
Arabidopsis thaliana contains only 6.3% cytosine methylation, one-fourth of the 
methylation levels of most other angiosperms (LEUTWILER et al. 1984). This 
difference, however, does not reflect a reduced degree of DNA methylation 
efficiency, but the low proportion of highly methylated repetitive DNA in A. 
thaliana. CpG depletion rates in A. thaliana do not differ from those of other 
angiosperm species (GARDINER-GARDEN et al. 1992). suggesting that methylation of 
genes occurs to a similar extent in all angiosperms. Interestingly, CpWpG 
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trinucleotides (W = A or T) are depleted to the same extent as GpWpC trinucle
otides which are not methylatable by CpG or CpNpG methylation. This result 
suggests that either depletion of CpNpG sequences is not due to deamination of 
m5C residues or that sequences other than CpG or CpNpG can also provide 
targets for DNA methylation. 

It has been proposed that methylation of symmetrical sequences serves as 
a signal for a maintenance methylase that recognizes hemimethylated DNA 
produced upon DNA replication. The presence of methylated C residues in the 
opposite strand provides the information to methylate a C residue in the comple
mentary sequence on the newly synthesized strand (HOLLIDAY and PUGH 1975). 
Hemimethylated DNA is the preferred substrate for maintenance methylase 
(GRUENBAUM et al. 1982), which supports the assumption that symmetrical DNA 
methylation patterns are transmitted in a semi-conservative fashion. It is unclear 
whether methyltransferase contains a substrate specificity for both CpG and 
CpNpG methylation, or whether different methyl-transferase enzymes exist in 
plants. While in mouse a single methyltransferase gene has been found, a small 
multigene family with homology to cytosine-5 methylase has been identified in A. 
thaliana (FINNEGAN and DENNIS 1993). It is therefore conceivable that plants contain 
several enzymes with different methylation specificity, but so far it is uncertain 
whether the members of this multigene family actually encode DNA 
methyltransferases. 

In contrast to a mutation of the murine DNA methyltransferase that caused 
abnormal development and lethality of embryos (LI et al. 1992). DNA methylation 
mutants in A. thaliana do not affect plant development or viability. The DDM! 
mutant (VONGS et al. 1993) shows a reduction of m5C levels by more than 70%, but 
the plant develops normally and exhibits no striking morphological phenotype. A 
Neurospora crassa mutant lacking a functional DNA methyltransferase is also 
viable, but frequently creates duplications of chromosomes or chromosomal 
parts (Foss et al. 1993), suggesting a role for DNA methylation in the control of 
chromosomal behaviour. Apparently the regulation and function of cytosine 
methylation differ in vertebrates and plants. General statements about a common 
function for DNA methylation in eukaryotes can therefore be misleading. In 
plants, an inverse correlation between gene transcription and cytosine methyla
tion has been observed for certain controlling elements (CHANDLER and WALBOT 
1986; SCHWARZ and DENNIS 1986) and transgenes (AMASINO et al. 1984; VAN 
SLOGTEREN et al. 1984). Induction of several endogenous genes is also linked to a 
loss of cytosine methylation. The tissue-specific transcription of maize storage 
protein genes (SPENA et al. 1983; BIANCHI and Vlonl 1988) and C4 photosynthesis 
genes (NGERNPRASIRTSIRI et al. 1989) correlates with hypomethylation of the genes 
in tissue where they are transcribed. 

Although such examples clearly suggest a correlation between gene repres
sion and DNA methylation, other reports can be found in the literature that do not 
detect any changes in DNA methylation patterns although gene activity is altered. 
Certainly not all gene silencing effects are based on a regulation of gene 
transcription by DNA methylation. It is most likely that DNA methylation is mainly 
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involved in the regulation of promoter activities, but not in post-transcriptional 
regulation. If changes in gene expression are due to post-transcriptional regula
tion, promoter activity would probably not be impaired and no significant changes 
in DNA methylation should be detectable. 

It is difficult to exclude the involvement of DNA methylation in changing 
promoter activity, because most DNA methylation studies have limited accuracy 
as they use isoschizomeres. Very often DNA methylation within a DNA region can 
be accurately monitored by measuring the methylation sensitivity of a restriction 
site located within this region. However, the state of DNA methylation at a 
restriction site might not always correspond to the degree of methylation of a 
neighbouring sequence that is involved in promoter regulation. Genomic se
quencing analysis provides a more precise tool as the methylation state of every 
C residue can be analysed. Genomic sequencing of a 900-bp region upstream 
from the translation start codon of the maize alcohol dehydrogenase gene did not 
reveal any cytosine methylation although the gene is silenced (NICK et al. 1986). 
Apparently the Adh 1 gene provides an example for genes that are not regulated 
by DNA methylation. It cannot be excluded, however, that changes in DNA 
methylation further upstream of the promoter region have an influence on 
repression of the gene. Differences in DNA methylation do not necessarily occur 
within the gene or its promoter region. The cell-specific transcription of the 
PEPCase gene of C4 plants, for example, corresponds to demethylation of a 
region located 3.3 kb upstream of the gene (LANGDALE et al. 1991). 

As mentioned above, DNA methylation in plants might influence gene 
expression by a different mode of action than DNA methylation in vertebrates. 
We may consider that a downregulation of a promoter region cannot only be 
acquired by methylation of transcription factor binding sites. Hypermethylation 
within or near a promoter region might also induce changes in chromatin 
conformation that could impair accessibility of the promoter for cellular proteins. 

3 The A 1 Marker System 

The A 1 gene marker has been employed to analyse certain parameters that 
influence DNA methylation and to define the molecular mechanism by which 
DNA methylation influences gene transcription in plants. Transfer of the A 1 gene 
of Zea mays into the whitish flowering Petunia hybrida line RIOl leads to salmon
red flower pigmentation (MEYER et al. 1987). The A 1 gene encodes a dihydrofla
vonol reductase (DFR), an enzyme of the anthocyanin pigmentation pathway. 
Due to a genetic block in the anthocyanin pigmentation pathway (STOTZ et al. 
1985) the receptor line RIOl produces only very low amounts of cyanidin and 
delphinidin, the two pigments that determine floral pigmentation in petunia. The 
almost white flowers of RIOl accumulate dihydrokaempferol, a substrate of the 
maize DFR. In transgenic plants expressing the A 1 gene, dihydrokaempferol is 
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converted into leucopelargonidin, which is further processed by endogenous 
enzymes into a red pelargonidin pigment. A 1 activity can be followed by analysing 
the occurrence and stability of salmon-red pigmentation in the flower of transgen
ic plants. The system has the advantage that expression can be monitored in 
individual petal cells and that no staining procedure is required. Transgenic 
petunia plants can be propagated over several years via cuttings. Due to the 
continuous production of new flowers, expression of the transgene can be 
monitored over longer periods and under variable conditions. The different 
inactivation phenomena that were observed for transgenic petunia plants carrying 
the maize A 1 gene were exclusively due to inactivation of transcription that was 
accompanied by hypermethylation within the promoter region. So far, we did not 
detect any evidence for post-transcriptional modifications. Analysis of A 1 activity 
revealed several modes of transgene methylation (Fig. 1) that differ in timing and 
efficiency. Most phenomena described for other plants that are also accompa
nied by transgene methylation probably correspond to one of the four categories 
outlined in Fig. 1. 
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Fig. 1A-D. Different modes for the induction of A 7 methylation. A Multiple transgenes become 
efficiently and quickly methylated. B Upon integration into a hypermethylated genomic region a single
copy transgene becomes methylated due to a spread of the hypermethylation pattern. C A single-copy 
transgene that has integrated into a hypomethylated genomic region remains primarily hypomethylated. 
During prolonged propagation and especially under field conditions transgene-specific hypermethylation 
is induced. while the integration region remains hypomethylated. D Paramutation: The combination of 
the hypermethylated and the hypomethylated allele of a transgenic line induces hypermethylation in the 
previously hypomethylated allele 
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4 Copy Number-Dependent Gene Silencing 

After direct DNA transfer of an A 1 gene linked to the viral CaMV 35S promoter into 
petunia protoplasts, primary transformants were regenerated that could be 
classified into three groups: plants with whitish flowers without any indication of 
A 1 activity, transformants with salmon-red flowers exhibiting continuous Al 
activity and plants carrying variegated flowers with A 1 activity present in some 
petal cells. The uniformity of petal pigmentation was inversely correlated with the 
number of integrated A 1 copies, as integration of multiple A 1 copies predomi
nantly created transformants with a whitish or variegated phenotype (LINN et al. 
1990). Methylation analysis using methylation-sensitive restriction enzymes 
detected hypermethylation within the promoter region of mUltiple-copy transfor
mants. In most single-copy plants, however, a Hpall restriction site at the 
boundary of the promoter and the Al cDNA remained unmethylated. This Hpall 
site is located close to a 21-bp element containing two TGACG motifs that bind 
the activation sequence factor (ASF -1) required for the maximal expression of the 
promoter (LAM et al. 1989). Although the measurement of DNA methylation is 
limited t6 a few restriction sites, the Hpall site next to the ASF-1 binding 
sequence could be used as an indicator for promoter-specific methylation that 
inhibited A 1 transcription, because A 1 expression always correlated with a lack of 
cytosine methylation at this particular site. 

Other reports also confirm the inverse correlation of transgene activity and 
multiple transgene insertions in Petunia hybrida. The analysis of petunia plants 
transformed with the nopaline synthase gene and with a chimeric chlorophyll alb 
binding protein gene, respectively, revealed that plants with high copy number 
complex insertions composed of multiple inverted repeats showed low levels of 
expression (JONES et al. 1987). In a petunia line carrying three copies of a tms2 
gene construct as a negative selectable marker, the expression of the transgene 
was also efficiently shut down and the sequence became hypermethylated, 
while plants containing one transgene copy did not lose its activity during 
vegetative culture (RENCKENS et al. 1992). 

Despite the uncertainties about the molecular basis of copy number-depen
dent gene silencing phenomena in plants, a first step in a selection scheme for 
stable transgene activity should be the identification of single-copy transfor
mants. Most transgenic plants existing today have been generated using 
Agrobacterium strains that transfer their T-DNA to plant cells where it is randomly 
integrated into the genome (ZAMBRYSKI et al. 1983). Because the T-strand is 
probably protected by bacterial proteins during its passage into the nucleus, 
T-DNA is frequently integrated without large internal deletions. Due to the 
mechanism of illegitimate integration (MAYERHOFER et al. 1991), however, T-DNA 
insertions are often rearranged, preferentially in the junction region between 
T-DNA and chromosomal DNA (SIMPSON et al. 1982). About one-third of T-DNA 
transformants carry insertions at only one locus (KONCZ et al. 1989). Depending on 
the bacterial strain (JORGENSEN et al. 1987) and on inoculation densities (JONES et al. 
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1987), multimers and inverted repeat structures are frequently observed when 
T-DNA is integrated at a single locus. Transformants derived from direct gene 
transfer into protoplasts generally contain truncated parts of the transferred 
plasmid, but relatively high ratios of single-copy integration events can be 
obtained when supercoiled DNA is used for transformation (KARTZKE et al. 1990). 
The choice of the proper transformation procedure and conditions will certainly 
influence the proportion of single-copy integration events that increase the 
chance for stable transgene expression. 

5 Paramutation 

In one transgenic line, we detected another copy number-dependent gene 
silencing effect, in which the combination of two homologous alleles that differed 
in their state of methylation resulted in a paramutation phenomenon (MEYER et al. 
1993). The term "paramutation" describes a heritable change in gene function 
directed byan allele when expression of a paramutable allele is inhibited by a 
paramutagenic allelic homologue (BRINK 1956). When the hypermethylated 
A 1 allele of a single-copy transformant was crossed with a homologous but 
hypomethylated allele, the hypomethylated allele became methylated and si
lenced in a semi-dominant way. Most of the F1 plants that had received a 
hypomethylated A 1 allele from one parent and a hypermethylated allele from the 
other parent showed a significant reduction in A 1 expression. Flowers of these F1 
plants were either white or highly variable with white and coloured spots or 
sectors within individual flowers. Again, inhibition of A 1 expression correlated 
with hypermethylation of the promoter region. Apparently the hypermethylated 
A 1 allele has paramutagenic potential, inducing methylation in the paramutable 
A 1 allele that had previously been hypomethylated and that remained hypometh
ylated in control crosses when it was not combined with the hypermethylated 
allele. After both A 1 alleles had segregated from each other, the paramutated A 1 
allele remained hypermethylated over the next two generations. Only occasional
ly did a weak reactivation of the hypermethylated A 1 allele occur in a few cells. 

Other groups also report an increase in transgene methylation for homozy
gous transgenes (MATZKE et al. 1993), but it is unclear whether the combination of 
two alleles in homozygous transformants generally leads to an increase in DNA 
methylation, or whether this effect is limited to certain loci. Interestingly, the 
induction of hypermethylation in tissue culture often results in homozygous 
changes with both alleles becoming methylated (KAEPPLER and PHILLIPS 1993).This 
observation supports the assumption that, at least at certain loci, methylation 
patterns can be exchanged among homologous alleles. 

Most likely the paramutation-like behaviour of the A 1 allele is due to an 
interaction between the two differentially methylated alleles possibly mediated 
by transient pairing of the two alleles. Because we also observe a higher 
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chromatin condensation in the hypermethylated allele (TEN LOHUIS and MEYER, in 
preparation). we suggest that an exchange of methylation patterns also includes 
a change in chromosomal components. Assuming that transient pairing might not 
only occur between allelic homologues, but also between certain ectopic trans
genes, some trans-inactivation phenomena might also be based on transient 
somatic pairing and an exchange of chromatin components. 

6 Position Effects 

Early studies on the activity of T-DNA genes in crown gall tumour lines revealed 
a correlation between DNA methylation and inactivity of T-DNA genes in certain 
lines (AMASINO et al. 1984). Apparently T-DNA that integrates randomly into the 
genome becomes methylated at certain integration sites. The fact that certain 
copies of a transgene became hypermethylated while others remained hypome
thylated and transcriptionally active, strongly suggests that the degree of DNA 
methylation is influenced by the integration region. Occasionally this position
specific inactivation was found to revert either spontaneously or after treatment 
of the cell line with the demethylating agent 5-azacytidine (VAN SLOGTEREN et al. 
1984; JOHN and AMASINO 1989). 

To study position-dependent effects for de novo methylation of A 7 copies, 
we analysed single-copy transformants with different A 7 expression levels (PROLS 
and MEYER 1992). Although the integration of one transgene improves the chance 
for universal expression, it is not sufficient. Three transformants, lines 16, 17 and 
24, were selected, each carrying one complete copy of the transgene integrated 
at different chromosomal loci. In the whitish line 16, no A 7 transcription was 
detectable; lines 17 and 24 showed A 7 transcription at high and low intensity, 
respectively. In line 16, the inactivated transgene had integrated into a highly 
repetitive and hypermethylated genomic region. The weakly expressed trans
gene in line 24 had integrated into a unique region that was highly methylated. 
The most intensively transcribed transgene in line 17 was inserted into a unique 
region that was hypomethylated. The characteristic hyper- and hypomethylation 
patterns of the integration regions in lines 24 and 17, respectively, were also 
imposed on the border region of the transgenes (PROLS and MEYER 1992). Appar
ently the methylation state of the integration region is, at least to some extent, 
responsible for position-dependent differences in gene expression. 

The A 7 gene in line 17 remained hypo methylated and active in the majority of 
plants that were propagated in the greenhouse. Occasionally hypermethylation 
occurred in some flowers when plants were propagated over longer periods (LINN 
et al. 1990). Hypermethylation was significantly enhanced when line 17 was 
grown in the field (MEYER et al. 1992b), which allowed us to select epigenetic 
variants of line 17 containing the same transgene in different methylation states. 
A detailed analysis of the transgene and its chromosomal integration region in 
these epigenetic variants, but also in a derivative of line 17 that carries a deletion 



DNA Methylation and Transgene Silencing in Petunia hybrida 23 

in the A 1 coding region, showed that hypermethylation was limited to the 
transgene DNA only, while the hypomethylation state of the integration region 
remained unaltered (MEYER and HEIDMANN 1994). Thismight suggest the presence 
of a DNA methylation mechanism that specifically recognizes foreign DNA. This 
mechanism, which has already been proposed for animal systems (BESTOR 1990; 
DOERFLER 1991), might identify foreign DNA by its nucleotide composition. It has 
been shown that the nuclear genomes of angiosperms are mosaics of long, 
compositionally homogeneous DNA segments called isochores (SALINAS et al. 
1988), and that isochores contain very defined GC contents of functional genes 
and their chromosomal environment (MATASSI et al. 1989). The A 1 transgene in 
line 17 differs significantly in its AT content from the chromosomal environment. 
The integrated plasmid DNA has an average AT content of 47.5%, while the 
neighbouring 269 bp at the 5' end and 196 bp at the 3' end show a much higher 
average AT content of 74% and 77%, respectively. It is, therefore, conceivable 
that the isochore composition of a transgene has to match with that of its 
integration regions to avoid specific methylation of the transgene. 

Alternatively it might not be the nucleotide composition but rather the 
transcriptional activity which makes the transgene a specific target for DNA 
methylation. Promoter activity might open the local chromatin structure, thus 
providing access in this region for cellular proteins involved in DNA methylation or 
heterochromatinization. So far, however, no data are available about DNA meth
ylation of promoterless transgenes. For the future it will be interesting to compare 
DNA methylation patterns in transgenes embedded into different isochore re
gions and differing in nucleotide composition, secondary structure and promoter 
content. 

As a first step, it will be important to define which characteristics of an 
integration region contribute to a stable expression. This would allow the selec
tion of suitable integration regions into which transgenes might be targeted, if 
the presently very low efficiencies for gene targeting into the plant genome 
(PASZKOWSKI et al. 1988) can be improved. If a particular isochore composition of a 
transferred gene is important for its stable activity, expression might be improved 
when genes are transferred with suitable chromosomal regions they have been 
embedded in. It has been shown that the co-transfer of neighbouring chromo
somal regions significantly stabilizes the expression of the human ~-globin gene 
(GROSVELD et al. 1987). A similar result was obtained from work with the matrix 
attachment regions of the chicken lysozyme gene which co-map with the 
boundaries of the chromatin domain of this locus. A reporter gene that was 
flanked on both sides by a 3-kb attachment element from the 5' region of the 
chicken lysozyme gene mediated elevated and position-independent transgene 
activity (STIEF et al. 1989). In plants similar stabilizing effects have been achieved 
with transgenes flanked by Scaffold attachment sequences (BREYNE et al. 1992; 
ALLEN et al. 1993; SCHOFFL et al. 1993). 

Another approach to uncouple transgene DNA from negative position effects 
could be its positioning on extrachromosomally replicating vectors (MEYER et al. 
1992a), although this will probably impose restrictions on the size of foreign DNA 
that can be propagated in transgenic plants. 
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7 Endogenous and Environmental Factors 
That Influence DNA Methylation 

About 30 000 isogenic F1 plants that derived from backcrosses of the homozy
gous line 17 with RIOl were grown in the field. While blossoms on plants 
flowering early in the season were predominantly red, up to two-thirds of the later 
flowers on the same plants showed a reduction in A 1 expression. Again, the 
reduction in A 1 activity correlated with an increase in methylation. More than 
95% ofthe greenhouse population of line 17, but only 37% ofthe field population, 
showed stable activity of the A 1 gene, apparently due to environmental effects 
specifically present in the field. Interestingly, an endogenous factor seemed to 
determine the susceptibility of plants towards this environmental stimulus. 
Progeny derived from early pollination of young parental plants was almost 
insensitive to inactivation, while in progeny from elder flowers which developed 
on the same parental plants, A 1 expression was considerably reduced (MEYER 
et al. 1992b). If an increasing degree of DNA methylation is imposed on the 
transgene with increasing age of the parental plant, such imprinted methylation 
patterns would be transferred to the progeny. Progeny from elder flowers would 
be more susceptible to environmental stimuli as they carry a higher methylation 
density already. 

For practical breeding this model implies that breeders should use very young 
material for pollination to avoid selection of transgenes that might already have 
developed hypermethylation patterns. Transgene inactivation after environmen
tal stimuli has also been observed in other systems, where tissue culture 
(RENCKENS et al. 1992) and heat stress (WALTER et al. 1992) functioned as the 
environmental stimulus. Environmental stimuli also influence DNA methylation 
patterns and activity of mobile elements (WALBOT 1988). Apparently environmen
tal conditions induce a higher degree of flexibility of local DNA methylation 
patterns, which can result in inactivation of hypomethylated genes or reactivation 
of hypermethylated genes. Genes providing housekeeping functions are probably 
protected from variations in DNA methylation induced by environmental stimuli. 
For other genes, however, the modulation of local methylation and expression 
patterns as a response to changing environmental conditions might provide an 
advantage for fast evolutionary adaptations (MATZKE and MATZKE 1990). 

8 Molecular Mechanism Inducing De Novo 
DNA Methylation 

The molecular mechanisms that regulate de novo methylation are still not clearly 
defined, but high RNA levels or changes in chromatin structure might be involved 
in certain DNA methylation effects. When cDNA units of plant viroids were 
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inserted into the genome of tobacco plants, methylation was specifically induced 
when the transformants carried high levels of viroid RNA (WASSENEGGER et al. 
1994). This observation suggests that high mRNAlevels can induce de novo 
methylation of the corresponding DNA. down regulating its own transcription. It 
remains to be seen whether RNA-mediated de novo methylation is a general 
phenomenon, or whether it requires extremely high transcript levels or RNA 
sequences that provide a certain secondary structure. At least for certain genes, 
RNA might be involved in the induction of de novo methylation. 

Another mechanism for de novo methylation could be a change in chromatin 
conformation that serves as a signal for a cytosine methyltransferase system. A 
connection between DNA methylation and changes in chromatin structure in 
plants has been documented for rRNA genes in wheat (THOMPSON and FLAVELL 
1988), where rRNA genes at different NOR loci are expressed at different levels. 
Nuclear dominance of particular NOR loci is associated with both hypomethyla
tion and an increased sensitivity to DNase I digestion. Another indication for a 
regulation of DNA methylation by structural characteristics emerged from the 
genomic sequencing analysis of different methylation states of the A 1 transgene. 
Besides the common symmetrical methylation patterns, we observed methyla
tion of cytosine residues located within non-symmetrical sequences (MEYER et al. 
1994). Non-symmetrical m5C residues were clustered, suggesting that some 
regions are more susceptible to methylation than others. In different cells, 
methylation was not always imposed on identical cytosine residues, but on 
cytosine residues located within a particular region. The information that leads to 
a heterogeneous distribution of non-symmetrical methylation patterns might 
therefore be coded by structural elements and not by sequence. In its hyperme
thylated state, the A 1 transgene forms chromatin that displays an increased 
resistance towards endo-nucleases (Ten Lohuis and Meyer, in preparation), 
suggesting that DNA methylation is accompanied by chromatin shielding. Our 
data show that both chromatin condensation and methylation of non-symmetrical 
recognition sites are involved in A 1 gene silencing. Both DNA methylation and 
chromatin condensation might interact to provide the molecular signals that 
regulate allelic or even ectopic trans-inactivation. It has been proposed that 
inactivation of homologous transgenes in plants might be mediated by an 
exchange of chromatin components during transient ectopic pairing among the 
homologous regions (JORGENSEN 1991). Up to now, no genomic sequencing data 
or nuclei sensitivity assays are available for most silencing systems in plants, but 
a detailed comparison of DNA methylation patterns and the accompanying 
chromatin structure should improve our knowledge about the regulation of gene 
silencing in plants. 
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9 Outlook 

It remains to be seen whether other plant species show the same degree of 
variability in transgene expression and DNA methylation that we observe in our 
studies of A 1 activity in Petunia hvbrida. It is most probable that different genetic 
backgrounds will have a decisive influence on the degree of genetic instability and 
on the sensitivity against environmental stimuli that modulate gene activity. 
Different species and even different tissues of a particular plant might vary in 
composition and specificity of cellular factors involved in DNA modification or 
chromatin conformation. A major point to be clarified in future research will 
therefore be the identification of chromosomal proteins involved in local chroma
tin condensation and their interaction with methylated DNA. Clearly a better 
understanding of the rules that regulate chromosome morphology is required 
before we can make predictions about long-term stability of transgenic DNA. To 
guarantee stable expression of transgenic constructs, molecular biologists prob
ably must follow the same time-consuming selection procedures that are re
quired for the generation of new lines in classical breeding programmes. The 
identification of the relevant structural and genetic parameters that regulate gene 
stability should not only speed up the process of stabilizing transgene activity, but 
also provide important data about the regulation of gene activity in plants. 
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This review on transgene inactivation in Arabidopsis thaliana should not conceal 
the fact that-as in other plant species-there are numerous transformants 
which exhibit stable transgene expression and inheritance over many genera
tions. Nevertheless, occasional loss of transgene expression in the progeny has 
been observed in many transformation experiments with Arabidopsis. In most 
cases, selection among the transgenic lines for those with a reliable gene 
expression is sufficient. and the exceptional lines can be treated as an experimen
tal failure. However, the introduction of transgenes can be followed by silencing 
of foreign and endogenous genes, sometimes only in later generations, in 
attempts to achieve up- or downregulation of specific gene activity by over
expression or antisense inhibition as well as insertion mutagenesis. The interpre
tation of some results may therefore require consideration of the possibility of 
gene silencing. 

Furthermore, and more importantly, the occurrence of gene silencing in 
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Arabidopsis thaliana offers the chance to study an important and interesting 
biological phenomenon in a plant species whose qualification as a model organ
ism in other respects is beyond dispute. The main attributes, such as the small 
size and space requirement of the plant its short generation cycle and ample 
seed production, the low chromosome number and the existence of various 
ecotypes, were emphasised by LAIBACH as long ago as 1943. Since then, numer
ous publications have referred to further advantages, especially for plant mo
lecular genetics. Dense genetic maps based on restriction fragment length 
polymorph isms (RFLPs), random amplified polymorphic DNAs (RAPDs), and 
morphological markers, transformation techniques and numerous mutations 
obtained by chemical and insertion mutagenesis are available, and a world-wide 
endeavour was made to characterise plant genes and their interaction in a 
genome with a size of only 100 Mb (for review see REDEl 1975, MEYEROWITZ 1989, 
KONCZ et al. 1992a). Although the model character does have its disadvantages 
(the amount of material and short lifetime of individual plants, the restricted tissue 
culture response, the tedious crossing procedure), there is no doubt that these 
are outweighed by the outstanding insights provided into the organisation of a 
plant genome. This contribution is intended to explain why this knowledge might 
turn out to be very helpful in understanding gene silencing in plants. I will 
therefore concentrate on the genetic perspective of transgene inactivation in 
Arabidopsis. For a more comprehensive discussion including biochemical and 
physiological aspects of possible underlying mechanisms the reader is referred to 
other contributions in this volume. 

2 Unexpected Segregation of the Transgenic Phenotype 

In the earliest reports on the introduction of marker genes into the genome of 
Arabidopsis thaliana, the analysis of genetic transmission was limited to three 
lines (LLOYD et al. 1986) or two lines (SHEIKHOLESLAM and WEEKS 1987). In both 
cases, the resistant phenotype segregated according to the expectation for single 
or multiple copies of the gene. The extension of genetic analysis to a larger 
number of independent transformants in later studies revealed that 10% of lines 
obtained after transformation with Agrobacterium tumefaciens exhibit reduced 
representation of the transgenic phenotype among their selfed progeny (13/124, 
FELDMANN and MARKS 1987; 2/20, SCHMIDT and WILLMITZER 1988; 1/10, VALVE KENS 
et al. 1988; 2/11, SANGWAN et al. 1991; 1/28, BOUCHEZ et al. 1993; 1/17, BECHTOLD 
et al. 1993). The frequency of this observation was similar for Agrobacterium 
infection of leaf disks (SCHMIDT and WILLMITZER 1988), roots (VALVEKENS et aL 1988), 
seeds (FELDMANN and MARKS 1987), zygotic embryos (SANGWAN et al. 1991) and 
whole plants (BOUCHEZ et al. 1993; BECHTOLD et al. 1993). The incidence of non
Mendelian segregation ratios in transformants obtained by direct gene transfer 
to protoplasts is even higher: figures of 25% (6/25, DAMM et al. 1989) and 50% 
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(14/28, KARESCH et al. 1991) have been reported. 
The deviation from the expected 75% transgene expressing progeny in the 

case of a single dominant gene ranged from 69% tothe extreme of no resistant 
seedling. Of a total of 263 transformants analysed, 21 were reported to produce 
only 8%-69% resistant seedlings (FELDMANN and MARKS 1987; SCHMIDT and 
WILLMITZER 1988; VALVEKENS et al. 1988; DAMM et al. 1989; KARESCH et al. 1991; 
SANGWAN et al. 1991; BECHTOLD et al. 1993), and 19 transformants yielded 0%-4 % 
resistant progeny (FELDMANN and MARKS 1987; KARESCH et al. 1991; BOUCHEZ et al. 
1993). The observation of non-Mendelian segregation was made in a variety of 
ecotypes (Wassilewskija, Columbia, C24, Zurich) and for two selectable marker 
genes (nptll, hpt), regulated by different promoters (TR1', CaMV35S) (references 
as above). 

In most cases, transformants with a deficiency in phenotype transmission 
have not been analysed for the presence of the insert in the original regenerant 
and in the sensitive progeny, thereby precluding conclusions about a correlation 
between the molecular structure of the transgenic DNA and the loss of expres
sion. It should, however, be noted that an integration of multiple copies, often 
linked in one genetic locus, has been reported for nearly all transformation 
protocols. 

Possible explanations for the under-representation of progeny expressing the 
transgene include physical instability due to deletion or mutation of the insert, the 
chimerical nature of transgenic plants, or a bias towards the wild-type segregants 
due to an insertion into essential genes. However, the following sections 
will illustrate that some cases, if not most, may have originated from an inconsis
tency between genotype and phenotype due to reduced expression of the 
transgene. 

3 Analysis of Inactivated Transgenes 

Silencing of transgenes has been observed in Nicotiana tabacum, Petunia 
hybrida, Lycopersicon esculentum and Nicotiana sylvestris (for review see other 
chapters in this volume) prior to their observation in Arabidopsis. As in the other 
species, all studies of inactive transgenes in Arabidopsis were initially based on 
incidental observations of lack of gene expression in the progeny of transgenic 
lines, similar to those described in Sect. 2. Common to all cases considered in this 
section is the evidence that gene expression is lost in spite of the presence of 
physically intact inserts which are transmitted in a silent state during somatic or 
germinal inheritance. Hence they represent cases of epigenetic inactivation. The 
following sections are intended to describe conformity and deviation, from 
various perspectives, among the data from several laboratories. 
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3.1 Type of Genes and Inactivation Frequency 

Evidence for epigenetic inactivation has been reported for transformants with 
"foreign" genes, having no endogenous counterpart in the genome, as well 
as for transgenic plants with genes sharing homology with nuclear genes of 
Arabidopsis. The first group includes the selectable or visible marker genes 
hygromycin phosphotransferase (hpt, CHANG 1988, MinELsTEN SCHEID et al. 1991, 
ASSAAD et al. 1993), neomycin phosphotransferase (nptll, KILBY et al. 1992, ASSAAD 
et al. 1993) and rolB (DEHIo and SCHELL 1994). These genes were fused to either 
the cauliflower mosaic virus 35S promoter (CHANG 1988; MinELsTEN SCHEID et al. 
1991; ASSAAD et al. 1993; DEHIO and SCHELL 1994) or the nopaline synthase 
promoter (KILBY et al. 1992). Transformation with genes of plant origin led to 
silencing in the case of alcohol dehydrogenase in a mutant complementation 
experiment (CHANG 1988), and to inactivation of chalcone synthase (DAVIES 1993). 
The chlorophyll alb binding gene cab 140and the tumour morphology shoots gene 
tms2 were both inactivated in a line transgenic for the tms2 gene fused to the 
cab 140 promoter (BRUSSLAN et al. 1993). 

The fraction of transformants affected by gene silencing cannot be easily 
compared. If no further selection for silencing events was applied, values be
tween 3% (DAVIES) and 50% (MinELsTEN SCHEID et al. 1991) were reported. In other 
cases, silencing was found after mutagenesis in a selective procedure using a 
negative marker with a frequency of ca. 10-5 (BRUSSLAN et al. 1993; J. Brusslan and 
E. Tobin, personal communication). 

In most described cases, gene silencing was observed only in the first 
generation after transformation, or even later. There was no experimental basis 
for an evaluation of whether gene silencing also affects gene expression during or 
directly after integration into the plant genome, since recovery of transformation 
events relied on the expression of selectable markers and transgenes silent 
from the beginning would have escaped detection. Gene silencing during som
atic growth of the original transformant was seen for the rolB gene (DEHIo and 
SCHELL 1994). 

3.2 Degree and Phenotype of Silencing 

Transgene inactivation can alter the level of gene expression between indepen
dent transformants, in a spatial distribution within individual plants, or between 
individuals in a population of siblings. 

The degree of gene silencing in individual plants and the resulting phenotype 
in the case of the non-cell autonomous resistance markers can vary and depends 
on both the conditions of selection and the level of residual gene activity. Some 
transgenic seedlings with inactive genes show growth inhibition and bleaching 
on selective medium to the same extent as the non-transformed wild type 
(MinnsTEN SCHEID et al. 1991; KILByet al. 1992). In other cases, they exhibit a broad 
spectrum of intermediate expression phenotypes (ASSAAD et al. 1993), a charac
teristic weak expression in certain lines (KILBY et al. 1992) or partial resistance in 
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interaction between active and inactive genes (0. Mittelsten Scheid, unpub
lished, see Sect. 3.8). The inactivated cab 140 gene did not result in a visible 
phenotype and was scored by resistance of seedlings to naphthalene acetamide 
due to the co-ordinate inactivation of the tms2 gene (BRUSSLAN et al. 1993). 

Lack of chalcone synthase expression has been found to result in a reduced 
accumulation of anthocyanin in plants grown under intensive light conditions 
(DAVIES 1993). Reduced rolB expression is apparent from a reversion to normal 
growth, with reversal of the multiple morphological changes induced by rolB 
(DEHIO and SCHELL 1994). Both cell autonomous markers display visible sectors if 
gene expression is lost during somatic growth. 

Among populations of progeny plants, silencing sometimes affects all indi
viduals (CHANG 1988; MinELsTEN SCHEID et al. 1991; KILBY et al. 1992) though the 
percentage of plants with silenced genes may be as low as 4%. This is strongly 
dependent on the character of the parental line, the genotype and the generation 
after transformation (KILBY et al. 1992; ASSAAD et al. 1993; DEHIO and SCHELL 1994). 

3.3 Structure and Stability of Inserts 

In nearly every case, transgenic inserts in lines exhibiting inactivation consist of 
several molecules of the transforming DNA. Copy numbers range between 2 and 
ca. 10, in direct or inverted repeats, and sometimes with rearrangement of the 
DNA and complex border fragments (references as above). Multiple sequences 
alone are not sufficient for silencing (KILBY et al. 1992 described a line with four 
copies and stable expression), but lower copy numbers seem to decrease the 
probability of inactivation. This was evident in those lines of ASSAAD et al. (1993) in 
which the copy number had been reduced to one as a result of intrachromosomal 
recombination (ASSAAD and SIGNER 1992). Inactivation was rare in these lines 
relative to the parental line with several repeats. However, there was not always 
a simple correlation between the copy number of the promoter (one, two or three) 
and the frequency or degree of silencing (ASSAAD et al. 1993). 

One plant obtained from a cross of lines carrying multiples of the inactive hpt 
gene was found to have a strongly reduced copy number, probably due to an 
intrachromosomal deletion event (MinELsTEN SCHEID et al. 1994). This was the only 
plant in which a previously silent gene after reactivation (see Sect. 3.7) was 
transmitted through meiosis. Restoration of functional and active genes from 
recombination traps inserted into the genome occurred with frequencies in the 
order of 10-4 to 10-6 (PETERHANS et al. 1990; ASSAAD and SIGNER 1992). Whether 
inactivated transgenic inserts in general undergo such rearrangements with a 
high frequency is as yet unclear. 

In one case, transgene inactivation was observed in the M2 population after 
mutagenesis treatment with ethylmethane sulphonate (BRUSSLAN et al. 1993), 
known to induce mainly point mutations. It remains to be investigated whether 
the transition from the previously active to the inactivated state is indeed due to 
a change in DNA sequence or whether it reflects a different modification (J. 

Brusslan, personal communication). 
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Rearrangement of repetitive and inactivated genes in the ascomycete Neuro
spora crassa is accompanied by repeat induced point mutation (RIP; for review 
see SELKER 1990; chapter by Singer and Selker, this volume). There is no evidence 
for RIP-like mutations in Arabidopsis. Apart from the bulk rearrangements de
scribed above, silent inserts in Arabidopsis seem not to be subjected to rapid 
sequence mutations. Indirect evidence for this assertion is provided by the 
occasional return to the active state (see Sect. 3.7), with frequencies exceeding 
those expected for reversion mutations. Direct sequence analysis of several 
copies of stably silent transgenes after passage through three generations 
revealed a perfect sequence maintenance (MITIELSTEN SCHEID et al. 1994). 

3.4 Inheritance and Genotype Dependence 

Most of the lines carrying inactive transgenes transmitted the insert so that it was 
also inactive in the progeny (MITIELSTEN SCHEID et al. 1991; KILBY et al. 1992; ASSAAD 
et al. 1993; BRUSSLAN et al. 1993). In some cases, silencing even increased 
progressively over successive sexual, self-pollinated generations (KILBY et al. 
1992; ASSAAD et al. 1993). Inheritance of the silent state even occurred ifthe seed
producing shoot was part of a sector within the parental plant in which the gene 
was silenced (DAVIES 1993). Sublines obtained from the same transformant after 
vegetative in vitro propagation varied in their inheritance of silenced genes 
(ASSAAD et al. 1993). 

The assays for gene activity of the selectable markers were performed with 
seedlings, and silencing of selectable markers was apparent even at this develop
mental stage. Although gametes or very early embryonic stages were not 
analysed for gene activity, the silent state in these cases seemed to be inherited 
meiotically. In contrast, a previously silent rolB gene was found to be active 
in young seedlings (DEHIO and SCHELL 1994). The" resetting" of the silent rolB 
gene during gamete formation or fertilisation may indicate a specific mode of 
inactivation. 

One genetic parameter with an obvious influence on the frequency of gene 
silencing is the number of transgene alleles. Although silencing was observed 
when the transgene was in hemizygous configuration, inactivation was more 
pronounced and more frequent in plants homozygous for the insert (ASSAAD et al. 
1993; BRUSSLAN et al. 1993; DEHIo and SCHELL 1994). 

3.5 Transcription 

I n all cases investigated, the level of transcript corresponding to the inactive gene 
has been found to be reduced (MinELsTEN SCHEID et al. 1991; ASSAAD et al. 1993; 
BRUSSLAN et al. 1993; DAVIES 1993; DEHIO and SCHELL 1994) . Transcription initiation 
measured in "run on" experiments was also reduced, although to a lesser extent 
than the steady state mRNA level (5x versus 25x, BRUSSLAN et al. 1993; 5x versus 
100x, DEHIO and SCHELL 1994). These results suggest that silencing can involve 
both transcriptional and post-transcriptional regulation. 
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3.6 Methylation 

Loss of gene expression is sometimes associated with DNA methylation (see the 
chapters by A.J.M. Matzke and MA Matzke, P. Meyer, N.V. Fedoroff, M.J. 
Singer and E.U. Selker, J.-L. Rossignol and G. Faugeron and W. Doerfler, this 
volume; for review of plant data see FINNEGAN et al. 1993). Although Arabidopsis 
nuclear DNA contains outstanding little 5mc compared to other angiosperms 
(LEUTWILER et al. 1984; PRUITI and MEYEROWITZ 1986), it has been proposed that this 
DNA modification is correlated with regulation of endogenous genes (BURN et al. 
1993). DNA analysis using methylation-sensitive restriction enzymes has provid
ed evidence that some cytosine residues in transgenic inserts of Arabidopsis 
have been changed to 5mc (CHANG 1988; MinELsTEN SCHEID et al. 1991; KILBY et al. 
1992; ASSAAD et al. 1993; BRUSSLAN et al. 1993; DAVIES 1993). Whether this 
methylation interferes with transcription, or whether non-transcribed sequences 
become methylated, remains an open question. Hypermethylation has been 
found to correlate with the inactive state of transgenes in some cases (ASSAAD 
et al. 1993; DAVIES 1993)' and shown to increase with progressive silencing in 
successive generations (KILBY et al. 1992). Nevertheless, restriction patterns for 
the completely silenced transgenes have been found to be heterogeneous and 
erratic in the first generation after transformation (MinELsTEN SCHEID et al. 1991), 
and more pronounced only in later generations (0. Mittelsten Scheid, unpub
lished), matching the observation of KILBY et al. (1992). Hypermethylation was 
found in only one of the silent lines of CHANG (1988). BRUSSLAN et al. (1993) reported 
that there were no differences in methylation pattern between their active and 
inactive transgenes. In addition, no methylation could be detected in the case of 
the inactive rolB gene (DEHIo and SCHELL 1994). Some transgenes have been 
found to carry slight methylation in expressing lines (KILBY et al. 1992; ASSAAD et al. 
1993). It has to be considered that only those methylated cytosines located within 
appropriate restriction enzyme recognition sites are detected. The resolution of 
this method is therefore limited. In particular, the often used promoter of the 
cauliflower mosaic virus 35S transcript has only one suitable restriction site (LINN 
et al. 1990). It could be, therefore, that a causal correlation between hyper
methylation and gene inactivity has escaped our notice so far. Backcrosses of a 
mutant, exhibiting strongly reduced methylation of repetitive DNA. with the wild 
type have allowed examination of the degree of methylation in subsequent 
generations. The results indicate that de novo methylation of the initially hypo
methylated DNA in Arabidopsis may be a slow process (VONGS et al. 1993). The 
data for silenced transgenes available so far may be interpreted as indicating that 
methylation is a secondary effect of gene silencing rather than the initial modifi
cation turning off gene expression. 

One argument for the involvement of DNA methylation in aberrant transgene 
expression in Arabidopsis stems from the observation that a previously silent 
nptll gene could be reactivated by application of the DNA methyltransferase 
inhibitor 5-azacytidine in tissue culture of root explants (KILBY et al. 1992). 
Azacytidine treatment has also been found to increase the frequency of kanamy
cin-resistant plants after Agrobacterium transformation, a finding interpreted as 
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being due to enhanced gene expression from the selectable markers (MANDAL 
et al. 1993). This treatment reduced the methylation of plant DNA flanking the 
T-DNA inserts (MANDAL et al. 1994). Growth of Arabidopsis on azacytidine also 
resulted in demethylation of rDNA (KILBY et al. 1992). However, it has not yet been 
established whether the strongly reduced seed set and seedling viability seen in 
two later generations (KILBY et al. 1992) are due to inhibition of methylation or to 
other unknown effects. Any indirect effect of the inhibitor, e.g., a change in 
higher-order chromatin structure, could also influence gene expression. 

3.7 Reversibility of Gene Inactivation 

Some silent transgenes can become reactivated without 5-azacytidine treatment. 
Tissue culture of explants from whole plants has been found to reactivate gene 
expression to a limited extent [MinELsTEN SCHEID et al. 1991; KILBY et al. 1992 (in 
the latter study reactivation occurred in a few explants from one line in controls 
without 5-azacytidine treatment)]. Resistant seedlings may also arise spontane
ously from some sensitive plants (E. Signer, personal communication), and it 
should be emphasised that the silent rolB gene generally becomes reactivated in 
each generation (DEHIo and SCHELL 1994). Surprisingly, a silent hpt gene, stable 
when plants were self-pollinated, was reactivated in an outcross with the wild 
type or with a strain containing another, non-allelic silent insert (MITIELSTEN SCHEID 
et al. 1991). Reactivation resulted in 6% fully resistant plantlets in reciprocal 
crosses. The frequency indicated that this reactivation, like inactivation, has a 
stochastic component. The reactivated state was labile: the complex transgenic 
insert again experienced silencing during transmission to the next generation, so 
that all resistant plants obtained in the crosses (apart from one individual with a 
DNA rearrangement, see Sect. 3.3) had sensitive progeny only (MinELsTEN SCHEID 
etal. 1991). 

3.8 Genetic Effects of Inactive Transgenes 

Repeats of transgenes within one genetic locus, silenced by cIs-Inactivation 
(MATZKE et al. 1994), can interact with homologous genes in an ectopic position 
(trans-inactivation, MATZKE et al. 1994) and display a "dominant" character. When 
a line containing silenced, linked repeats of the hpt gene was crossed with a 
homozygous line having an ectopic, active, single-copy insert, gene expression 
from the latter transgene seemed to be reduced in 10% of the progeny. The 
resulting phenotype ranged from full sensitivity to a wide range of partial resis
tance never seen in the parental lines (0. Mittelsten Scheid, unpublished). A 
similar "inactivation dominance" was described for crosses of plants with silent 
chs genes and chs overexpressing lines, with the F1 showing a high number of 
sectors (DAVIES 1993). The inactive cab140 locus had an incomplete silencing 
effect on an expressing, different member of the cab gene family (BRUSSLAN et al. 
1993). In this case, the interacting loci were genetically linked. It has not been 
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established to what extent sequence homology and/or genetic linkage was 
responsible for this effect. 

4 Inactivation of Transposable Elements 

Transposons, which represent a special class of transgenic DNA. have been 
reported to undergo inactivation in several plant species. This is reviewed in detail 
by N.V. Federoff (this volume). The Arabidopsis genome contains two transpo
son-like sequences which appear to have undergone transposition earlier in the 
evolutionary history of the species and to have been inactive since then (VOYTAS 
and AUSUBEL 1988; PELEMAN et al. 1991). No transposition of the heterologous 
transposon Mu1 from maize transferred to the Arabidopsis genome could be 
detected over a period of three generations (ZHANG and SOMERVILLE 1987). In 
contrast, the endogenous transposon Tag1 (TSAY et al. 1993) and two other 
heterologous transposable elements of maize origin were mobile in the Arabidop
sisgenome.·The autonomous Acand its non-autonomous Os derivatives, as well 
as the En-7 element, showed somatic and germinal excision from surrounding 
marker genes and reinsertion into other positions (VAN SLUYS et al. 1987; MASTER
SON et al. 1989; SCHMIDT and WILLMITZER 1989; CARDON et al. 1993). Both Acand En-
7 remained active for at least three generations after transformation (SCHMIDT and 
WILLMITZER 1989; CARDON et al. 1993). The frequency of excision was increased 
with the number of Ac transposase gene copies (DEAN et al. 1992; KELLER et al. 
1992; BANCROFT and DEAN 1993) and the level of transposase mRNA (SWINBURNE et 
al. 1992). Many factors, such as position of the insert in the genome, promoter 
strength, splicing efficiency and the availability of host factors, may influence 
excision frequencies. There is no direct evidence that transposons are inactivated 
in Arabidopsis (FEDOROFF and SMITH 1993), and the Ac inserts in plants with high 
and low transposition activity do not appear to differ in their pattern of DNA 
methylation (KELLER et al. 1992). However, not all transformants containing 
complete Ac elements show excision, and individual sibling plants with a com
mon genotype, carrying the same insert with a complete and an incomplete Ac 
containing T-DNA. exhibit highly variable excision frequencies in their progeny 
populations (DEAN et al. 1992). Plants homozygous for an Ac transgene show 
higher variegation rates than do hemizygotes, but not the same degree of 
variation between each other (DEAN et al. 1992). The tms2 gene from Agrobacte
rium tumefaciens, conferring NAM sensitivity, seemed to become progressively 
inactivated during prolonged tissue culture in the case of a multiple T-DNA 
insertion when it was used to counterselect against plants carrying the neighbour
ing transposase gene (FEDOROFF and SMITH 1993). Germinal excision rates were 
found to be reduced in later generations (BANCROFT and DEAN 1993), although this 
could not be distinguished form environmental influences. Some of these fea
tures resemble data described for other transgenes in Sect. 3, and it is likely that 
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epigenetic mechanisms may also contribute to the regulation of transposon 
activity in Arabidopsis. 

5 Conclusions and Perspectives 

With the growing number of transformation experiments in Arabidopsis thaliana 
in recent years, increasing evidence has been obtained to indicate that gene 
transfer and integration alone are not sufficient to ensure display of the expected 
phenotype. Although it is in general an exceptional occurrence, a variety of foreign 
and endogenous transgenes are inactivated, to various extents, in individual 
plants, sibling lines and independent transformants. Loss of expression may 
involve transcriptional and post-transcriptional regulation. Gene inactivation af
fects duplicated copies of genes within a single locus or in an allelic or ectopic 
position to each other. Gene silencing in Arabidopsis is reversible, though the 
tendency to lose expression remains. The silent state can be heritable and 
progressive, and may suppress homologous, active genes. Specific DNA methy
lation has been found to be associated with silent genes but its role as a primary 
event in silencing remains to be established. 

Different concepts and models about how transgenes in plants may be 
inactivated are discussed in other contributions to this volume. At the moment, 
none of them can provide a satisfactory explanation for all the experimental data, 
but they will hopefully induce and stimulate further research. The study of 
inactivated transgenes in Arabidopsis holds promise of progress especially in the 
systematic analysis of the genetic basis of gene silencing, which is more difficult 
to perform in other species. 

Independent lines containing similar copy numbers of transgenes are not 
always affected by silencing (KILBY et al. 1992). This has been attributed to their 
different positions of integration within the genome (for review: MATZKE et al. 
1994). little is known as to why transgene inactivation depends on the genomic 
neighbourhood. Mapping active and inactive inserts, isolating their flanking plant 
sequences and specifying their influence on gene expression and silencing may 
provide valuable information in this respect. The growing number of transfor
mants with characterised T-DNA or transposon insertions (for reviews see KONCZ 
et al. 1992b, FELDMANN 1992, COUPLAND 1992) probably includes interesting mate
rial for such approaches. 

Investigation of the role of methylation in gene silencing should also be 
facilitated by knowledge about molecular genetics in Arabidopsis. Mutations 
reducing the methylation of several genomic sequences have been described 
(VONGS et al. 1993), and it will be interesting to see whether gene silencing still 
occurs in these lines. However, genetic combination of lines carrying inactive 
resistance markers and the hypo methylated mutants was found not to result in 
reactivation in two subsequent generations (E. Signer, personal communication). 
Similar crosses are under investigation to establish whether the methylation 
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mutants have an influence on lines differing in their response to vernalisation, for 
which a correlation with methylation exists (BURN et al. 1993, Burn, personal 
communication). The identification of a gene that encodes a putative methyltrans
ferase from Arabidopsis (FINNEGAN and DENNIS 1993) will permit attempts at 
overexpression and the study of gene silencing in plants with an elevated level of 
DNA methylation, provided that such an effect is not deleterious for the plant. All 
these experiments might yield information not only about the role of methylation 
itself but also about a possible involvement of this DNA modification in chromatin 
structure and subsequent effects on gene expression. 

One promising approach is the identification of mutants affecting the inci
dence or maintenance of silencing. Attempts to screen for such mutants have 
been made in lines with a suitable genetic background. Two loci have been 
reported to act as enhancers of silencing in the case of the rolB gene (DEHIO and 
SCHELL 1994). A putative mutant that could not maintain the silent state of a 
transgene was found after mutagenesis in a line with a strongly silenced hygro
mycin resistance gene, showing a high level of transgene expression without 
rearrangement of the transgene (0. Mittelsten Scheid, unpublished). Further 
characterisation of these and other mutants is required. Whether gene silencing 
observed for transgenes is also relevant for endogenous genes may become 
apparent if such mutants display any morphological, physiological or develop
mental aberrations. 

Further, gene silencing might also be a useful phenomenon for investigation 
of the function of specific plant genes. At present, site-directed" knock out" 
mutations of nuclear plant genes are not practicable, since gene targeting by 
homologous recombination has only been achieved at low frequencies in plants 
(PASZKOWSKI et al. 1988; LEE et al. 1990; OFFRINGA et al. 1990; HALFTER et al. 1992). 
A specifically reduced expression of many genes has been achieved by transfor
mation with antisense constructs (for review: VAN DER KROL et al. 1988). However, 
it has been reported that inhibition of the AKR gene (Arabidopsis ankyrin repeat) 
is obtained only in transgenic plants with multiple copies of the antisense 
construct, although all transformants contained a similar level of antisense mRNA 
(ZHANG et al. 1992). It was stated by the authors that" current hypotheses on 
antisense regulation might not explain this result" (ZHANG et al. 1992). I n addition, 
some Arabidopsis plants transgenic for sense constructs with a truncated gene 
also have a reduced level of transcripts from the endogenous gene, and their 
phenotype is very similar to plants with antisense constructs. An alternative 
interpretation of these data might be that the endogenous gene is inactivated 
whereas the expression of the transgene is not affected (unilateral trans-inacti
vation, MATZKE et al. 1994). If this is the case, gene silencing in Arabidopsis 
could supply a powerful method for specifically knocking out expression of other 
genes, provided that the introduction of additional, ectopic copies causes inactiva
tion of resident genes at a reasonable frequency. The occurrence of the corre
sponding mutant phenotypes after transformation with sense constructs of 
several regulatory genes (cal, apJ, ag, ap3, M. Yanofsky, personal communica
tion) represents promising evidence for such a suppressing effect of homologous 
transgenes. 
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In summary, instability of transgene expression in Arabidopsis resembles 
gene silencing in other plants in many respects. More than 50 years ago Friedrich 
Laibach stated at the end of a publication: "From this short review of our many 
years of experiments with Arabidopsis thaliana (L.) Heynh., it follows that this is 
clearly a very suitable subject for the investigation of genetics and developmental 
physiology, which in some respects rivals Drosophila, the show-piece of geneti
cists." (LAIBACH 1943, translated). I hope that this conclusion will also prove true 
for research on epigenetics; if it does, our basic understanding of gene expression 
and interaction in plants and our ability to apply this knowledge in biotechnology 
will be substantially improved. 
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The gene silencing phenomenon to be discussed here, initially termed "co
suppression" (NAPOLI et al. 1990; VAN DER KROL et al. 1990; JORGENSEN 1990), was 
observed in purple-flowered petunia plants genetically modified by the introduc
tion of DNA containing a chalcone synthase coding sequence under the control of 
the strong CaMV 35S promoter and the 3' end from the nopaline synthase gene 
of Agrobacterium. The selectable marker gene consisting of the coding sequence 
for neomycin phosphotransferase under the control of nopaline synthase prom
oter and with the 3' end from the octopine synthase gene was also inserted on the 
same T-DNA. These genes were introduced into petunia cells via the transferred 
portion of the Ti plasmid of Agrobacterium tumefaciens (i.e. the T-DNA). 

Chalcone synthase is a key enzyme in flavonoid biosynthesis and, therefore, 
in pigment production. These pigments are synthesized intensely in the epider
mis of flower petals, but also to lesser extents in many other parts of the plant 
including the anthers. Pigment production is cell-type specific. Chalcone syn
thase gene expression is transcriptionally regulated but separate post-transcrip
tional effects have been described that influence the pigmentation pattern in 
flowers (MOL et al. 1983). In petunia, chalcone synthases are encoded by a gene 
family (KOES et al. 1989)' and the cDNA used to create the new transgene was 
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from the chalcone synthase A (CHS A) allele responsible for most of the chalcone 
synthase activity in petals (KOES et al. 1989). Surprising phenotypes were pro
duced in that a very high proportion of the first family of primary transformants 
had flowers with white sectors, and the flowers of some plants were completely 
white (NAPOLI et al. 1990). This was interpreted to imply that the introduction of a 
new chalcone synthase gene had caused the loss of most or all chalcone 
synthase activity from the inserted transgene and the endogenous chalcone 
synthase genes in the white petal sectors. This interpretation was confirmed 
by the correlation between the lack of anthocyanin pigment and the very low 
levels of mRNA from both transgene and endogenous CHS A in petals (NAPOLI 
et al. 1990; VAN DER KROL et al. 1990). This suppression of both kinds of homolo
gous gene was the reason for using the term co-suppression to describe the 
phenomenon (NAPOLI et al. 1990). Subsequent analyses of large numbers of 
transformants and their progeny from the selfing and backcrossing of selected 
transgenic lines have revealed numerous important features about the co
suppression phenomenon (JORGENSEN 1993b, 1994, and unpublished results). 

2 Co-suppression and Plant Development 

The flower phenotypes showing co-suppression have been classified on the basis 
of the position and extent of pigmentation in the flowers (JORGENSEN 1993a,b). This 
classification is meaningful because phenotypes are characteristic for particular 
transformants even though new variants may arise, as described below. Some of 
the phenotypes are shown in Fig 1. They range from completely white where 
pigment production is suppressed in all parts of the flower-tube, corolla and 
anthers-to other patterns where the white segments are small. In one pattern 
the pigmentless sector is confined to the tube and the anthers, but frequently 
extends just outside the tube and to a greater extent on the lower petals. In others 
pigment loss occurs in small sectors along the veins and/or petal tips. In another 
pattern, pigment loss is orientated along the edges of the petals. The areas 
without pigment can be much larger in some phenotypes (NAPOLI et al. 1990). In 
yet another series of plants, the white sectors are small and dispersed across the 
flower in complex patterns. All these patterns point to inherent features of flower 
development that are revealed by the transgene. The cells which lack pigment are 
not simply clonally related. Instead it appears that cells occupying certain loca
tions in the floral meristem with respect to architectural features of petal shape 
such as lines of symmetry, respond similarly (but not identically) from petal to 
petal to the presence of the transgene, and these responses are differeht from 
those of other cells in other positions. The pattern boundaries are coincident in the 
upper and lower epidermis. Thus pattern formation may also require intercellular 
communication. 

The untransformed parent plants show no evidence of such pigmentation 
patterns, though other varieties do (Red Star and Velvet Picotee; MOL et al. 1983; 
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Fig. 1. Flower patterns resulting from insertion of the transgene consisting of the coding sequence of 
CHS A under the control of the CaMV 35S promoter (see colour version of the figure on the backcover). 
The untransformed parent has only purple flowers. Phenotypes from top middle round to bottom left 
display: extensive co-suppression emanating from lower petal junctions, complete co-suppression, co
suppression from lower petal junctions, co-suppression along petal veins 

VAN BLOKLAND 1994). From the principles of flower design, one can assume that 
the architectural basis of the patterns is not caused by the transgene but is an 
inherent feature of flower development. However, elements of this feature 
somehow interact with the transgene or its product to produce the observed 
patterns, and different versions (states) of the transgene interact differently to 
create the different patterns (JORGENSEN 1993a,b). 

The obseNation that many transgenic plants display a characteristically 
patterned flower phenotype, based on the patterns of co-suppression, implies 
that the 'state' of the transgene is somatically inherited. When the meiotic 
inheritance of transgene effects on flower phenotypes was examined (JORGENSEN 

1993b and unpublished), several outcomes were noted. In many cases, the 
phenotype bred true and is thus germinally stable. In other plants examined, a 
new range of somatically inherited phenotypes was observed. For example, from 
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a backcross between a white transformant containing two tandem copies of the 
new genes and its untransformed parent, many phenotypes were obtained 
including fully purple, fully white and various patterned types. In these cases the 
phenotype based on the floral positions of cells showing co-suppression is 
germinally unstable and the transgene presumably alters its state. Thus it can be 
concluded that a given transgene can exist in different epiallelic states, and these 
states can change during meiosis or early embryonic development (JORGENSEN 
1993b). Occasionally a lateral branch emerges that displays a different flower 
phenotype with more or less pigmentation, and the variation is inherited, implying 
that a change has occurred in the L2 layer of cells in the flowers (JORGENSEN 1994 
and personal communication). 

Petunias produce flowering branches from organised groups of cells 
(meristems) in the axils of leaves or on the flanks of meristems. A genetically 
different branch results if the group of cells in the meristem flank becomes 
modified. Occasionally single variant flowers, gradients of phenotypic change as 
a branch ages, and simultaneous changes in different branches have been noted 
(JORGENSEN 1994) implying that changes can occur in any floral meristem. Because 
the inherited L21ayer and the L 1 layer in which epidermal pigment is produced are 
separate.developmentallineages of cells, it is reasonable to consider the possibil
ity that the changes in transgene state behind pattern changes occur in many cells 
of a meristem essentially simultaneously. 

The remainder of this chapter deals with the origins of the pigmentless 
phenotype created by the insertion of the CHS A coding sequence under the 
control of the CaMV 35S promoter. 

3 Hypotheses to Explain Gene Silencing 

Numerous examples are known, in at least six plant species, where gene 
inactivations results from the introduction of additional homologous sequences. 
These have been reviewed elsewhere (JORGENSEN 1990, 1991, 1992; MOL et al. 
1991; KOOTER and MOL 1993; MATZKE and MATZKE 1993; MATZKE et al. 1993; ASSAAD 
et al. 1993; VAUCHERET 1993; GORING et al. 1991; MEYER et al. 1993; GRIERSON et al. 
1991; FLAVELL 1994; HART et al. 1992; MEINS 1989; MEINS and KUNZ 1994), and in 
other chapters in this book (for example see Hamilton et al. and de Lange et aI., 
this volume). They will not therefore be discussed extensively here. However, it 
should be noted that no single mechanism can explain the variety of examples 
where loss of gene expression has occurred. 

Four kinds of hypotheses have been put forward to explain the diversity of 
gene silencing phenomena. In the first, inactivation of transcription is postulated 
due to the physical interaction (ectopic pairing) in the nucleus of the duplicated but 
non-allelic sequences (loci). Cycles of DNA-DNA or chromatin-chromatin interac
tions (see Fig. 2) could leave the chromatin structure or methylation patterns of 
the participating genes in different states which could consequently interfere with 
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Fig. 2. Cellular processes relevant to models for gene silencing. The network of pre-transcriptional 
events illustrates how the structure of decondensed chromatin, the substrate for transcription, can be 
modified by various sorts of changes including cytosine methylation and interactions with homo[ogues 
including transgenes. The changes could modify decondensed chromatin such that it does not bind 
properly to the nuclear matrix or bind transcription complexes efficiently. After "normal" transcription 
mRNA is processed, capped and polydenylated in messenger RNA nuclear protein particles [mRNPjX 
which are then exported from the nucleus and the mRNA traslated on ribosomes. Where gene silencing 
is post-transcriptional, transgene mRNA processing, splicing, capping or polyadenylation could be 
aberrant, thereby leading to synthesIs of aberrant particles [mRNP]'. These might not be translated 
efficiently and may be substrates for RNases. They may also be substrates for antisense RNA 
formation. In any event they do not give rise to protein product. There is the possibility of aberrant mRNA 
production influencing transcription. Further details are described in the text 
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the assembly of essential transcription complexes or the binding of the chromatin 
to the nuclear matrix. These processes are labelled 1 in Fig. 2. There is no direct 
evidence for such interactions occurring in plants, but precedents come from 
studies on fungi and Drosophila. In Neurospora and Ascobolus, DNA homology
searching processes and hybrid DNA formation have been inferred from the 
inactivation of duplicated sequences via cytosine methylation in premeiotic cells 
(SELKER 1990; Foss and SELKER 1991; RHOUNIM et al. 1992; FAUGERON et al. 1990). In 
yeast, equivalent frequencies of allelic and ectopic meiotic recombination have 
also been taken to imply the existence of efficient, generalised, DNA sequence 
homology searching processes (HABER et al. 1991). In Drosophila there are many 
examples where expression of a gene is influenced by "sensing" the presence of 
another specific gene after some kind of localised somatic chromosome pairing. 
The pairing could be mediated via DNA, RNA or transcription complexes. The 
consequentially altered chromatin, sometimes heterochromatic, state created 
following the interlocus interactions can be clonally inherited when not disturbed 
by other events (TARTOF and HENIKOFF 1991; HENIKOFF 1992; PIROTIA 1990; Wu 1993; 
PARO 1990). 

The second hypothesis is based upon elevated competition between the 
increased number of genes for non-diffusible sequence-specific factors essential 
for ordered transcription or translation. 

The third hypothesis focuses on post-transcriptional events. It postulates the 
degradation of the specific mRNAs due to the synthesis of homologous antisense 
RNAs in the cell, formation of double-stranded RNAs between the antisense 
RNA and mRNAs and recognition of the aberrant duplexes as substrates for a 
RNase. Mutual inactivation of homologous mRNAs.can often be achieved by the 
introduction of antisense gene. Double-stranded RNAs may also inhibit transla
tion if they are formed in the cytoplasm (TEMPLE et al. 1993; CORNELISSEN and 
VANDEWIELE 1989). Evidence for the existence of dsRNA in plants is however very 
weak (GRIERSON et al. 1991; JORGENSEN 1991; MOL et al. 1991). These antisense 
RNAs could be made from an unknown promoter close to the transgene function
ing in the appropriate orientation, possibly by readthrough from a neighbouring 
gene or by the action of RNA-dependent RNA polymerase on aberrantly accumu
lated mRNAs (LINDBO et al. 1993; FLAVELL 1994). This latter enzyme exists in 
plant cells. 

The fourth hypothesis postulates the inhibition of transcription and/or transla
tion by feedback from a specific gene product that accumulates in aberrantly high 
concentrations in the transgenic plants. This would constitute a self-induced, 
autoregulated control system (HARTet al. 1992; MEINs 1989; MEINs and KUNZ 1994). 
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4 Mechanisms and Hypotheses for Co-suppression 
of Chalcone Synthase in Transgenic Petunias 

We now consider the petunia chalcone synthase case in the light of these 
hypotheses. Throughout this discussion, it is relevant to bear in mind that not all 
transgenic plants containing CHS A transgenes display co-suppression in the 
petals, and that in some plants only specific segments of petals show co
suppression. Also, it is important to remember that inherited somatic and meiotic 
changes can occur to influence the extent to which co-suppression is observed. 

In the process of making the transgenic plants, it can be expected that 
different numbers of T-DNAs become stably inserted into different petunia plants 
and display different structures. Tandem arrays of T-DNAs are common, as are 
copies inverted with respect to one another. Genetically unlinked T-DNAs also 
accumulate. Thus plants with different numbers of active genes are likely to be 
produced, as noted in other studies on transgenic plants (HOBBS et al. 1993; 
ASSAAD et al. 1993; SCHEID et al. 1991; LINN et al. 1990). It will be important to 
investigate thoroughly whether the structure of T-DNA inserts influences the 
extent of co~suppression and the kinds of flower pattern produced. VAN BLOKLAND 
(1994) has concluded that phenotypic effects of CHS A transgenes are correlated 
with the presence of inverted repeats of T-DNA. 

Where there are multiple copies of the chalcone synthase transgene then the 
copies might interact (see Fig. 2) to silence transcription of one another and the 
endogenous CHS A genes. Such silencing has been recorded for several sorts of 
transgenes (PEACH and VELTEN 1991; ASSAAD et al. 1993; HOBBS et al. 1990, 1993; 
ELKIND et al. 1990; LINN et al. 1990; MATZKE et al. 1994b; VAUCHERET 1993). Inverted 
repeats seem to be more frequently associated with transcriptional silencing 
(HOBBS et al. 1993). How such physical interactions occur is unknown, but they 
may be the means whereby one or more of the duplicated sequences gain some 
methylated cytosines. No evidence for silenced CHS A genes becoming routinely 
methylated has yet been obtained in investigations of several sites within the 
coding sequences and promoters. 

There is evidence, however, that in some transgenic petunias, CHS A 
transcription is not blocked in petal cells showing loss of pigment. Run-on 
transcription assays on nuclei from isolated purple and white petal sectors from 
the same plant show similar levels of CHS A transgene and endogenous CHS A 
transcription (VAN BLOKLAND 1994). Furthermore, similar levels of unprocessed 
nuclear endogenous CHS A transcripts have been detected in flowers of some 
co-suppressed and non co-suppressed variant plants in our laboratory and in that 
of Mol and co-workers. The levels of RNA transcribed in isolated petal nuclei are 
not correlated with the extent of chalcone synthase suppression (VAN BLOKLAND 
1994; KOOTER and MOL 1993; MOL et al. 1991). These details are reviewed in 
another chapter in this book (de Lange et aI., this volume). We have also found in 
some plants that white flower sectors retain high levels of CHS A RNA, making it 
likely that post-transcriptional losses of functional mRNAs are the cause of or a 



50 R.B. Flavell et al. 

major contributor to the co-suppression phenotype. Studies of inactivation of 
some other transgenes in plants have also concluded that the inactivation is post
transcriptional (SMITH et al. 1990a; DE CARVALHO et al. 1992; BATE et al. 1992; MEINS 
and KUNZ 1994). 

In plants where transcription of the CHS A transgenes is not blocked but 
steady state functional mRNA levels are very low, then a major cause of co
suppression could be accumulation of excess levels of antisense RNAs to the 
CHS A mRNA, double-stranded RNA formation and degradation of the duplex 
RNA (third hypothesis above). The presence of antisense RNA to chalcone 
synthase has been investigated in transgenic petal tissues differing in co-suppres
sion, i.e. purple and white. Of the particular variants studied by us, most were 
derived from the same transgenic parent and possess two copies of the trans
gene in inverted orientation. Reverse transcriptase and primers specific for 
antisense RNA were used to make DNA copies of RNA in RNA extracts isolated 
from white or purple sectors. Antisense chalcone synthase RNAs were found in 
both white and purple flower sectors but only in transgenic plants. It is, therefore, 
concluded that the antisense RNAs are due to the transgene. The finding that 
antisense chalcone synthase RNAs are in both white and purple sectors suggest 
that if antisense RNA is essential for the loss of mRNA and gene expression in 
this genotype, it is clearly insufficient. Similar conclusions have been drawn by 
Mol and co-workers (de Lange et ai, this volume; VAN BLOKLAND 1994) who used 
other assays to detect antisense RNA. 

How is antisense RNA produced from the transgene, what is its structure, 
and how does it function? These important questions still have to be examined 
experimentally. It will be necessary to examine many different transgenic plants 
with different numbers and kinds of transgene structures since it is not clear how 
antisense RNA could be produced so efficiently in all transformants (JORGENSEN 
1991). Where antisense RNA is not transcribed from defined genomic promoters 
it could be formed by an RNA-dependent RNA polymerase using sense mRNA as 
template (LINDBO et al. 1993; FLAVELL 1994). 

On simple considerations of how antisense RNA interferes with sense 
mRNA, it would be assumed that the higher the antisense to sense RNA ratio, the 
more efficient would be the loss of sense gene expression. Some data in plants 
to support this have been produced (SMITH et al. 1990b; HAMILTON et al. 1990; 
CANNON et al. 1990; ROBERT et al. 1989; VAN DER MEER et al. 1992). However, there 
are many reports of discrepancies between the relative levels of antisense RNA 
transcripts and loss of sense gene expression (reviewed in de Lange, this volume; 
CANNON et al. 1990; STOCKHAUS et al. 1990; VAN DER KROL et al. 1988). VAN BLOKLAND 
(1994) found in petunias transgenic for chalcone synthase that antisense tran
scription could be high in the absence of co-suppression or vice versa. If antisense 
RNA is the cause of degradation of CHS A mRNAs, but overall steady state or 
transcription levels of antisense mRNA do not correlate with co-suppression it 
must be a small fraction of the antisense RNA that is critical, and this fraction 
must have efficient access to the unprocessed primary RNA transcripts or 
mRNAs formed after processing, capping and poly-A tail additions. This implies 
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that the variation in co-suppression in transgenic plants that makes antisense and 
sense RNAs could involve variation in the accessibility of antisense and sense 
RNAs to each other in the nucleus or the cytoplasm (see later). 

Post-transcriptional loss of CHS A gene expression and pigment production 
could, alternatively, be due to the accumulation of excess levels of CHS mRNA 
and the consequential induction of an mRNA-specific process, that is able to 
catalyse the inactivation and/or degradation of transgene and endogenous CHS A 
mRNAs (fourth hypothesis above). This hypothesis includes the notion of critical 
localised threshold levels of mRNA in a cell. Where mRNA levels are below the 
threshold, purple pigment is produced; in contrast, when the level is exceeded, 
active mRNA is lost and no pigment is produced. There are several predictions 
from this model. 

1. In plants where all flower epidermal cells lack pigment, the threshold mRNA 
concentrations are likely to have been exceeded in all cells of the plant. This is 
as observed in many white flowered plants where levels of transgene mRNA 
are very low in stems and leaves, as well as flowers (NAPOLI et al. 1990; this 
laboratory, unpublished). 

2. In plants which have purple flowers with white sectors, the levels of localised 
active mRNA is likely to be higher than that found in plants that make only 
purple flowers. This is because in such plants small increases in the level of 
mRNA accumulated would exceed the threshold more readily and thus lead to 
the pigment loss. Some evidence has been gained to support this hypothesis 
in that the levels of transgene CHS mRNA accumulating in leaves of trans
genic plants with purple and white flowers is greater than in leaves of 
transgenic plants forming only purple flowers (unpublished results). 

If localised mRNA concentrations are the determinant of the post-transcrip
tional trigger for co-suppression, then the critical parameters affecting co
suppression would be the rate of transgene transcription and/or changes in the 
efficiency (rate) of mRNA transport through the nucleus, of export through the 
nuclear envelope, of binding to the ribosome and of translation. Changes in flower 
pigment production due to different levels of translatable CHS A mRNA could 
therefore come about through (a) pre-transcriptional events including changes in 
the levels of transcription factors, restructuring of chromatin, (and/or) changed 
cytosine methylation to affect the affinity of the transgenes for transcription 
complexes as noted earlier (see Fig. 2)' and/or (b) changes in the rate of mRNA 
transport, etc. The latter could result from the transgene altering its position in the 
nucleus with respect to nuclear transport channels and the supply of protein 
components of the mRNPs essential for correct mRNA processing, transport and 
export (FLAVELL 1994). Furthermore, aberrantly high levels of mRNA in the nucleus 
might lead to mRNP particles with a different complement of proteins (WOLFFE 
1994) from those formed when the CHS genes are optimally transcribed for 
mRNA processing and transport and when nuclear mRNA levels are much lower 
(see Fig. 2). Such modified mRNPs might not make the mRNAs available for 
translation. 
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A growing number of proteins are known that bind to mRNA and prevent 
translation as part of specific regulatory mechanisms. The studies on the ubiqui
tous Y box proteins and the FRG Y proteins of Xenopus oocytes, in particular, are 
interesting (WOLFFE 1994). These proteins bind to mRNAs and inhibit their 
translation (BOUVET and WOLFFE 1994). They will bind to a range of double and 
single stranded DNAs and RNAs including specific Y box sequences in gene 
promoters (reviewed in WOLFFE 1994). They also stimulate mRNA synthesis, but 
not necessarily by binding to the promoter motifs. FRG Y2 (a predominantly 
nuclear Y box protein) has been immunolocalised to nascent transcripts on 
lampbrush chromosomes (SOMMERVILLE et al. 1993). These observations are 
consistent with a direct role for FRG Y2 in packaging mRNA in the nucleus and for 
somehow linking the competence of the mRNA for translation with its transcrip
tion (BOUVET and WOLFFE 1994). Recruitment of some other heterogeneous 
nuclear (hn) RNP proteins on to pre-mRNA is also dependent on transcription 
(PINAL-RoMA and DREYFUSS 1992), and there is a growing list of eukaryotic proteins 
having dual roles in the transcription and translation processes (reviewed in 
BOUVET and WOLFFE 1994). 

If protein-based regulatory systems linking transcription, mRNA packaging 
and mRNA translatability are present in plants, then they might be responsible for 
post-transcriptional loss of gene expression following "aberrant" mRNA synthe
sis from the CHS A transgenes. It is also possible that they could lead to shut 
down of transcription. This whole area of nuclear biology needs to be explored in 
the context of understanding how aberrant active CHS A transgenes can promote 
loss of pigment production in flower petals. While it is possible to imagine how 
mRNA from an aberrantly located transgene might be sequestered into an 
inactive mRNP structure, how would this affect mRNAs from the endogenous 
CHS A genes? Perhaps the protein-mediated regulatory systems could also 
provoke cross-talk between homologous mRNP complexes and sequester all 
CHS A RNAs into aberrant mRNPs. 

If excess CHS mRNAs accumulate due to higher rates of transcription or low 
rates of mRNP maturation in the nucleus and/or translation, how are they 
degraded? This could result from the aberrant mRNPs being recognised by 
RNases and the RNAs consequently degraded (SACHS 1993; SULLIVAN and GREEN 
1993). Alternatively, antisense RNA could be produced on the accumulated 
mRNA templates by RNA-dependent RNA polymerase, and these double-strand
ed RNA structures are subsequently degraded. Cycles of RNA production of both 
antisense and sense RNAs could emerge from this process to provide an 
autocatalytic system for the production ds RNAs. Any such antisense RNAs 
could, of course, explain loss of both transgene and endogenous CHS A mRNAs. 

5 Concluding Perspective 

From surveying the range of examples of gene silencing, it is clear that multiple 
mechanisms contribute to the observed phenotypes and in some examples 
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mechanisms resulting in inhibition of transcription are major determinants, while 
in others post-transcriptional events occur. This diversity of mechanism may also 
appear between plants genetically altered by insertion of the same or related 
transgenes, but at different sites, in different arrangements and with different 
effective promoter strengths. Thus it is desirable not to automatically lump all 
petunias involving CHS A transgenes into a homogeneous group and attempt to 
find a single mechanism for the observed gene silencing or lack of it. 

The scenario described above for the post-transcriptional control of chalcone 
synthase silencing may also be combined with, or lead to, variable patterns of 
transcription silencing in different genotypes. The data accumulated to date point 
to association of the phenomena with higher levels of mRNA synthesis and/or 
antisense RNA and it has been argued that there are probably more than one 
cellular pool or RNP package for each of these molecules. The fact that sense 
mRNAs, may exist in different RNP pools and packages implies that we need to 
look for the different structural forms that may have different stabilities and 
opportunities to associate with ribosomes and be translated. Similarly we need to 
investigate whether different antisense RNPs exist. 

If only one of the antisense RNP pools is available to interact with only one of 
the classes of sense mRNP, then the interacting classes are likely to be degraded 
in co-suppressed tissues, while other classes or pools might not be. Such 
discoveries might help explain the lack of correlation between antisense RNA to 
sense mRNA ratios and co-suppression phenotypes in different plants and 
tissues. 

Hypotheses that propose the formation of different mRNP packages from 
active transgenes in aberrant nuclear positions and the production of pools of 
antisense RNA in some cases offer the following sorts of explanations for the 
origins of purple and white flower sectors: In transgenic plants where CHS A 
transgene transcripts are efficiently processed, packaged and exported then 
aberrant mRNPs would not accumulate and so co-suppression would not occur. 
Such plants would have purple flowers. If antisense RN Ps were produced in such 
plants, the antisense RNA might not be accessible to the sense mRNPs and so 
the flowers would be purple. If, however, transgene mRNA were processed, 
packaged and exported inefficiently, due to the location or other features of 
transgene chromatin, then critical levels of nuclear mRNA would be exceeded, 
packaging could be aberrant and a different mRNP structure for all CHS A mRNAs 
might result. Messenger RNA in this structure might not be translated, or might 
be accessible to RNases and antisense RNAs or to RNA-dependent RNA poly
merase that makes antisense RNA. Any of these would result in the formation of 
white flowers. 

These ideas are testable and imply that switches in pigment production 
during transgenic CHS A plant development could result from (a) a change 
in nuclear position of the transgene; (b) a change in transcription rates (these 
would constitute inherited changes in state of a transgene); (c) a change in cell 
physiology influencing nuclear processing, RNA packaging, export and mRNA 
translation rates; and/or (d) a change in antisense RNA synthesis. Variation in such 
parameters would not be surprising during meristem development, growth in 
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different environments or during specific developmental phases. The patterns in 
flowers are presumably due to similar changes. 

The developmental changes influencing the nuclear metabolism of specific 
clusters of cells in floral meristems and floral tissues are unknown. However, 
analyses of the CaMV 35S promoter have revealed that it contains multiple 
elements that respond differently in different petunia floral tissues, leading to 
differential transcription (BENFEY and CHUA 1989; BEr~FEY et al. 1989). Thus the 
enhanced probability that co-suppression occurs in the flower tube and veins in 
some transgenic genotypes containing CHS A under the control of the CaMV 35S 
promoter or in other regions in other genotypes could be due to differential 
interactions between the promoter and enhancer structures of the promoter 
and the transcription factor concentrations present in different sectors of the 
meristem and floral tissues. 

In conclusion, it is clear that studies into the origins of co-suppression and 
gene silencing in general will teach us many new features of cell biology and the 
control of gene expression. Furthermore, because of the wish to create agricultur
ally novel transgenic plants, understanding how active transgenes can lead to 
gene silencing is of considerable commercial interest. 
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been generated for various purposes. First, antisense and sense genes have been 
introduced into commercial crops and ornamental plant varieties to suppress the 
expression of resident genes with the aim of modifying or improving plant 
performance. Second, the function of several cryptic genes has been determined 
by manipulating their expression with the help of antisense genes. Finally, the use 
of antisense and sense gene suppression has broadened our knowledge of 
control steps in physiological processes (see VAN BLOKLAND et al. 1993 and MOL 
et al. 1994 for reviews). Despite the success of these strategies, the mode of 
action of antisense and sense genes is still poorly understood. 

Antisense-mediated control has been observed in bacteria, fungi, plants and 
mammalian systems. The preferred model for antisense RNA action involves the 
formation of double-stranded RNA (dsRNA) with complementary RNAs. dsRNA 
has indeed been detected in Escherichia coli in the case of plasmid copy number 
control (CESARENI et al. 1991) and in transformed Drosophila cells (BUNCH and 
GOLDSTEIN 1989). Xenopus oocytes (MELTON 1985; BASS and WEINTRAUB 1987) and 
mammalian cells (KIM and WOLD 1985; KRYSTAL et al. 1990). The dsRNA form may 
prevent RNAs from being processed, transported or translated or induce rapid 
degradation. Attempts to detect dsRNA molecules in plants have been 
unsuccessful so far (R. van Blokland, unpublished results and D. Grierson, 
personal communication). This might indicate that such molecules are extremely 
unstable in plants or, alternatively, that antisense genes work via a different 
mechanism. Experiments discussed in this chapter indicate that the generally 
accepted dsRNA model is far too simple and that additional factors play an 
important role in antisense gene-mediated silencing. 

Unexpectedly, introduction of sense transgenes in plants sometimes leads 
to gene silencing. The mechanism by which this occurs can vary, depending on 
the nature and the origin of the transgene. For instance, in some cases interaction 
between transgenes is associated with DNA methylation and transcriptional 
silencing (see the chapters by A.J.M and MA Matzke, P. Meyer and O. 
Mittelsten Scheid, this volume). In other cases where the interaction between 
transgenes and homologous resident genes is studied, post-transcriptional si
lencing is observed (see the chapter by A.J. Hamilton et al. and F. De Carvalho 
Niebel et aI., this volume, and below). However, in all cases studied, the 
homology between the interacting genes is of great importance. 

Gene silencing can occur without transgenes. Examples are the post-tran
scriptional silencing of chs genes in the petunia varieties Red Star and Velvet 
Picotee (VAN BLOKLAND 1994), the transcriptional silencing of the B gene in maize 
(see PATIERSON et al. 1993 and the chapter by G .1. Patterson and V.L. Chandler, this 
volume) and the suppression of chs in snapdragon by a rearranged chs allele 
(BOLLMANN et al. 1991). 

The flavonoid biosynthesis route of Petunia hybrida offers a convenient 
system for study of the interaction between sense or antisense transgenes and 
homologous resident genes, as changes in flavonoid pigment gene expression 
are directly visible. In this chapter we will focus on the use of this system to study 
the mechanistic aspects of gene silencing. Several detailed and broader reviews 
on gene silencing have been published elsewhere (GRIERSON et al. 1990; JORGENSEN 
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1990, 1992; KOOTER and MOL 1993; MATZKE and MATZKE 1993; NELLEN and 
LICHTENSTEIN 1993; VAN BLOKLAND et al. 1993; MOL et al. 1994}. 

2 Gene Silencing by Antisense Genes 

2.1 Examples of Gene Silencing by Antisense Genes 

Antisense genes have been successfully used to alter plant process such as 
flower pigmentation, fruit ripening and photosynthesis and to determine the 
function of cryptic genes (for a detailed description of the applications of anti
sense genes in plants see GRIERSON et al. 1990 and VAN BLOKLAND et al. 1993). 
Besides improving fundamental knowledge of biological processes, the anti
sense approach has been applied in the field of biotechnology, for instance to 
increase the shelf-life of fruit (FRAY and GRIERSON 1993). 

2.1.1 Modification of Flower Pigmentation in Petunia hybrida 

The expression of several genes involved in flavonoid biosynthesis has been 
successfully modified by antisense genes. VAN DER KROL et al. (1988 b) were the 
first to show inhibition of gene expression by antisense constructs in transgenic 
plants. Chalcone synthase (CHS) is the key enzyme in flavonoid biosynthesis. The 
genes for chswere previously cloned by KOES et al. (1989). These authors showed 
that chs genes comprise a multigene family of which the members chsA and 
chsJ are transcribed. Petunia plants of the variety VR were transformed with the 
cDNA of chsA. fused in the antisense orientation to the CaMV-35S promoter. 
Thirteen out of 25 petunia VR transformations had an altered flower coloration 
ranging from purple to fully white. Some plants had white flowers with a coloured 
edge whereas others had flowers containing white sectors like the petunia variety 
Red Star (MOL et al. 1983). In unpigmented tissues, the chs mRNA levels were 
reduced by more than 90%, whereas transcript levels of others genes of the 
flavonoid pathway were unaffected (VAN DER KROL et al. 1988b). In the inbred 
purple line V26 only 10% ofthe transformants showed an altered phenotype. The 
phenotypes were, however, comparable to those obtained in the VR hybrid 
(VAN BLOKLAND 1994). To investigate whether other genes of the flavonoid pathway 
could be inactivated via a similar approach, the cDNA of dihydroflavonol 
4-reductase (dfn was fused in the antisense orientation to the 35S promoter and 
introduced into petunia V26 plants. The phenotypes obtained were comparable to 
those of antisense chs transformants. Six out of 18 plants showed an altered 
phenotype (VAN BLOKLAND 1994). As was the case with chs, the dfr transcripts 
were virtually absent in white corolla tissue. It is striking that using chs and dfr 
antisense genes a spectrum of pigmentation patterns was observed. Even the 
flowers from a single transgenic plant showed considerable variation in pigmen
tation. These results suggest that even though the antisense transcripts are 
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produced, the effect of antisense RNA is not the same throughout the tissue. The 
pigmentation patterns observed in corollas of transformations containing the 
antisense chs genes change in response to the phytohormone gibberellin. 
Exogenous application of gibberellic acid (GA) or B9, an inhibitor of GA synthesis, 
increased and decreased the pigmented area, respectively. In addition, the size of 
the pigmented area is influenced by light during flower development. A high light 
intensity leads to an increase in the number of unpigmented cells, as is also the 
case in the natural Red Star variety (VAN DER KROL et al. 1990b). These findings 
indicate that antisense genes are effective in manipulating flower coloration but 
that it is influenced by the growth conditions. 

2.1.2 Determining Gene Function 

Differential screening or PCR-based strategies which are commonly used to 
isolate genes often result in a collection of cryptic genes. Expressing those genes 
in the sense or antisense orientation will provide information about their function 
provided that an altered plant phenotype is observed. By differential screening of 
flower-specific cDNA libraries and by expressing cDNA clones in the antisense 
orientation, one cDNA was shown to be involved in the 3-rhamnosylation of 
flavonoids (KROON et al. 1994; BRUGLIERA et al. 1994). Using the same approach, 
cDNAs isolated from a tomato ripening-specific library, pTOM13 and pTOM5 
have been shown to encode ACC oxidase and the carotenoid-specific enzyme 
prophytoene synthase, respectively (HAMILTON et al 1990; BIRD et al. 1991). 

Inhibition of the expression of the flavonoid gene chs in anthers of petunia 
leads to the production of white pollen. This flavonoid-free pollen is self-sterile 
and failed to produce pollen tubes in vitro. External application of flavonols could 
overcome this defect. Thus these antisense experiments have revealed a novel 
function for flavonoids (Mo et al. 1992; VAN DER MEER et al. 1992; YLSTRA et al. 
1992). 

2.2 Antisense RNA May Block mRNA Production 
in More than One Way 

In the presence of antisense genes complementary mRNA levels can be re
duced. It is generally assumed that antisense RNA forms a dsRNA with its 
complementary mRNA leading to mRNA degradation, inhibition of RNA process
ing, transport or translation. Here we will discuss these possibilities for the action 
of the antisense flavonoid genes. 

2.2.1 Interference of Antisense RNA with mRNA 
Processing and Transport 

Some antisense RNAs have been shown to prevent processing of pre-mRNAs in 
vitro by masking sequences recognized by the splicing and the polyadenylation 
apparatus. We have indeed observed accumulation of unspliced chs RNAs in 
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nuclear RNA preparations from flowers in which the chs gene was suppressed 
(VAN BLOKLAND 1994). However, transgenes and endogenous genes which do not 
contain introns can also be suppressed (ROTHSTEIN et al. 1987; DELAUNEY et al. 1988; 
CORNELISSEN and VANDEWIELE 1989; ROBERT et al. 1989; DAY et al. 1991; KROON et al. 
1994). Even though it cannot be excluded that in some cases antisense RNAs 
inhibit splicing, it does not seem to be a major route of antisense RNA action. 
Accumulation of unspliced RNAs may therefore be a consequence of another 
event involving antisense RNA rather that the cause of gene suppression. 

One may speculate that antisense RNAs disturb normal transport of comple
mentary mRNAs out of the nucleus. Although it is conceivable that dsRNAs are 
not exported, as far as we know there are no experimental data to support this 
possibility. 

2.2.2 Inhibition of Translation 

Only two cases of translation inhibition of plant genes by antisense genes have 
been reported (CORNELISSEN and VANDEWIELE 1989; TEMPLE et al. 1993). In general 
only a fraction (10%-50%) of the transgenic plants expressing a particular 
antisense gene show suppression of the homologous gene. In extreme cases 
antisense genes may have no effect at all. For example, more than 60 petunia 
transformants have been generated expressing an antisense chalcone flavanone 
isomerase (chi) transgene. None of them show a shift in flower colour or a 
decrease in chi mRNA levels. Most transformants contain an excess antisense 
chi RNA. This clearly indicates that two complementary RNAs can coexist in the 
cytoplasm without obstructing the translation machinery. 

2.2.3 dsRNA Formation and RNA Degradation 

In many cases antisense genes prevent that accumulation of the target mRNA. 
Although it cannot be excluded that antisense RNA may interact with the target 
mRNA by blocking transcription, pre-mRNA processing or translation (see the 
previous sections), several studies in bacterial (CESARENI et al. 1991), fungal 
(NELLEN and LICHTENSTEIN 1993) and mammalian systems (KIM and WOLD 1985; 
BUNCH and GOLDSTEIN 1989; KIMELMAN and KIRSCHNER 1989; VOLK et al. 1989; KRYSTAL 
et al. 1990) indicate that the mRNA and complementary antisense RNA are either 
stably maintained in the cell or are simultaneously degraded. The simplest 
scenario for the latter phenomenon is that the sense and antisense RNAs form a 
dsRNA intermediate that is rapidly degraded by dsRNA-specific ribonucleases. 

In a recent paper, NELLEN and LICHTENSTEIN (1993) discussed the issue of "anti
sense-itiveness" of mRNA. They reviewed the evidence for proteins that pro
mote or inhibit RNA-RNA annealing and enzymes that specifically degrade 
dsRNAs. The authors stress that the in vitro conditions optimal for RNA-RNA 
annealing (50% formam ide, 5rC, RNA probe in excess) are far removed from 
those in the cell. Therefore it seems likely that rapid in vivo dsRNA formation 
requires the help of a hybrid-promoting protein. A likely candidate is the RNP A 1, 
which exhibits two functions in vitro: it binds aspecifically to single-stranded RNA 
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(ssRNA) and it enhances the hybridization efficiency. Other proteins such as the 
unwindase/modificase (BASS and WEINTRAUB 1988) or the DEAD box family of RNA 
helicases resolve dsRNA molecules. The first classor proteins seems to generate 
a paradox: resolving of RNA duplexes should lead to non-functional antisensing. 
However, unwinding is accompanied by inosination of RNAs, which would no 
longer encode functional proteins. The helicases on the other hand would just 
prevent functional "antisensing". 

Attempts to identify duplexes between mRNAs and antisense RNAs in 
plants have been unsuccessful thus far (R. van Blokland, unpublished results and 
D. Grierson, personal communication). Indirect evidence for the involvement of 
antisense RNA in the degradation of its complementary mRNA in plants comes 
from studies where the antisense RNAs can be detected only in the absence of 
mRNA production. For example, in leaves of transgenic petunia plants in which 
the chs genes are expressed at low levels, antisense chs transcripts can be quite 
abundant (VAN DER KROL et at. 1988b), whereas in flowers in which the chs gene is 
expressed, antisense chstranscripts are barely detectable. In transgenic petunia 
plants containing CaMV 35S promoter-driven antisense chs genes, antisense chs 
transcripts are present at relatively high levels, but they are barely detectable in 
flowers in which the expression of the resident chs gene is inhibited. A compara
ble antisense RNA expression pattern has been found for a tomato ripening
specific gene (SMITH et al. 1990b). 

Limited data are available on the involvement of dsRNA-specific nucleases in 
the turnover of dsRNAs. In prokaryotes, dsRNAses such as RNasell1 (ROBERTSON 
et al. 1968; ROBERTSON 1982) play an essential role in antisense RNA-regulated 
processes (KRINKE and WULFF 1990). An RNAsellHike activity has also been 
inferred in the degradation of the bFGF dsRNA in Xenopus oocytes (KIMELMAN and 
KIRSCHNER 1989). NELLEN has identified an activity in the slime mold Dictyostelium 
that specifically degrades the double-stranded portion from RNA hybrids (NELLEN 
and LICHTENSTEIN 1993). However, such an activity has not yet been demonstrated 
in plants. 

2.3 Factors Involved in the Efficiency 
of Antisense Flavonoid Genes 

2.3.1 The Amount of Antisense RNA 

Based on kinetic considerations one would expect high concentrations of anti
sense RNA to increase the efficiency of suppression. In general this is indeed the 
case. In theory, high concentrations of antisense RNA may be achieved by using 
strong promoters, by insertion of multiple gene copies or by stabilization of the 
antisense RNA. Several studies have shown that antisense RNA is only effective 
if it is produced using strong promoters which are active in the same cell types as 
those of the resident genes (ROBERT et al. 1989; CANNON et al. 1990; VAN DER MEER 
et al. 1992). A positive effect of multiple gene copies has been demonstrated by 
SMITH et al. (1990a). Self-pollination of a tomato transformant containing a single 
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antisense pg gene locus, yielded progeny containing either zero, one or two 
copies of the locus, which showed 100%,20% and 1 % PG activity, respectively. 
Similarly data have been reported for genes encoding ethylene-forming enzyme 
(EFE) in tomato (HAMILTON et al. 1990). We are not aware of any case in which the 
efficiency of an antisense RNA has been increased by incorporating RNA
stabilizing sequences (SULLIVAN and GREEN 1993). 

There is not always a clear correlation between the steady-state level of 
antisense RNA and the inhibitory effects on mRNA accumulation (see for exam
ple VAN DER KROL et al. 1988b; CANNON et al. 1990; STOCKHAUS et al. 1990). To 
illustrate this further, the transcription rate of the antisense chs gene in petunia 
flowers was determined by nuclear run-on transcription analysis. In some trans
formants the antisense gene was highly transcribed in the flowers, yet did not 
lead to chs suppression, whereas in others the opposite was found (VAN BLOKLAND 
1994). Even a promoterless chs gene induced phenotypic effects in 15% of the 
transformantsYAN BLOKLAND et al. (1994). Nuclear run-on assays indicated that the 
chs transgene was not transcribed to a significant level in either direction, 
whereas the transcription rate of the resident chs genes was unaffected. These 
data show that a virtually silent transgene is able to suppress endogenous genes 
by a post-transcriptional process. Another puzzling observation is the local anti
sense effect giving rise to white sectors in flowers. Although the antisense genes 
were found to be transcribed throughout the corolla, the antisense RNAs 
appeared functional only in particular areas. The size of the pigmented sectors 
could be influenced by the exogenous application of hormones or by modifying 
light conditions, as has been described in a previous section. From these 
observations it is concluded that physiological conditions can influence the 
efficiency of antisense genes, and that the mere presence of antisense RNA does 
not guarantee suppression. The latter point is further illustrated by the inability of 
a chi antisense gene to suppress CH I activity in spite of the abundant production 
of antisense RNA in some of the transformants (see below). 

2.3.2 Nucleotide Sequence Homology Between Resident 
and Antisense Genes 

It would be convenient if a single antisense gene construct could be used to 
downregulate multiple copies of genes belonging to a multigene family or to 
suppress the homologous gene(s) in a variety of plant species. For example, chs 
genes in different lines of petunia comprise a multigene family of 8-12 members 
of which only two, chsA and chsJ. are transcribed in the flower (KOES et al. 1989). 
The nucleotide sequences of chsA and J differ by 15%, but an antisense chsA 
gene inhibits the expression of both chs genes. Moreover, the petunia chsA 
antisense gene also inhibits chs expression in the flowers of potato and tobacco 
(MOL et al. 1990; VAN DER KROL et al. 1988a). The similarity between these chs 
genes is not known, but might be lower than 80%. The overall sequence 
homology could be low, however, since relatively short patches of highly homol
ogous sequences appear to be sufficient for a successful antisense effect (VISSER 
1989; TEMPLE et al. 1993). 
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2.3.3 Antisense Gene Fragments 

The results obtained with different antisense genes in various systems indicate 
that antisense RNAs may prevent mRNA accumulation following different path
ways. Each transcript may have its own requirements for being attacked by 
antisense RNA. It is even conceivable that different parts of an antisense gene 
suppress gene expression with different efficiencies. VAN DER KROL et al. (1990c) 
identified several active antisense fragments complementary to different por
tions of the chs gene, the shortest being a 3'-fragment of 157 bp. As mentioned 
previously, the chi gene of petunia could not be inactivated by full-length anti
sense chitransgenes (MOL et al. 1990). Even antisense gene fragments comple
mentary to the 3'-part (241 bp; 442 bp), the middle part 245 bp) and the 5'-part of 
the chi gene (284 bp) were completely inactive (DE LANGE 1994). 

Other groups have identified active fragments complementary to different 
parts of the nos gene (ROTHSTEIN et al. 1987; SANDLER et al. 1988) and the 
~-glucuronidase (uidA) gene (CANNON et al. 1990; DE LANGE et al. 1993). However, 
the available data do not allow a rational design of efficient antisense gene 
fragments. "Antisensing" is still a matter of trial and error. Possible important 
parameters that need further study are the size, sequence, secondary structure 
and stability of antisense RNA fragments. 

2.3.4 Is Genomic Position an Important Parameter? 

Only 10%-50% ofthe transgenic petunia plants that carry a transcribed antisense 
flavonoid gene show suppression of the corresponding endogenous gene. As 
argued previously, this observation cannot be explained by transcription level 
differences alone. Thus, even though an excess of antisense RNA may be 
present in some cases, it does not necessarily reduce the level of complementary 
mRNA. If we assume that antisense RNAs work most efficiently in the nucleus, 
it is conceivable that the relative position of antisense genes and their targets in 
the interphase nucleus determines the interaction efficiency of the sense and 
antisense transcripts. RNAs synthesized in distant nuclear compartments may 
not sense each other and therefore fail to interact. We are not aware of any 
published data addressing this issue. 

Introduction of genes into plant cells via Agrobacterium tumefaciens results 
in several independent transformants in which the transgenes reside at different 
chromosomal positions (HoOYKAAS 1989). Different antisense transgenes are 
expected to be similarly distributed throughout the plant genome. This may 
indicate that the failure to suppress the chiA gene is related to the genomic 
position of the resident chiA gene of petunia. To test this idea, we studied the 
interaction between sense and antisense chitransgenes. The petunia line Wl15 
expresses the chiA gene in flower limbs but not in anthers because of a mutation 
in the promoter of the chiA gene. As a consequence the anthers accumulate 
yellow naringenin chalcone (VAN TUNEN et al. 1989). This line was transformed with 
a 35S promoter driven-sense chiA gene. One out of six transgenic plants had 
white anthers, which indicated the functional complementation of the chi mutant 
phenotype (VAN TUNEN et al. 1989). An antisense chiA gene fragment complemen-
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tary to the 3'-end of the target gene was introduced into this transformant by a 
cross with a transformant carrying this 3'-end antisense fragment. Anthers of the 
F1 hybrid showed yellow pigmentation again, as in wild-type Wl15, indicating 
that the antisense and sense chi transgenes had interacted in some way. In 
corolla tissue, which expresses the chiA gene, the level of the RNA transcribed 
from the sense chitransgenes was drastically reduced, in contrast 1.'0 that of the 
RNAs derived from the native chiA gene. By nuclear run-ons we could show that 
the transcription rates of both sense and antisense chitransgenes as compared 
to those in the parents were not reduced. This led us to conclude that the sense 
chitransgene was inactivated by an antisense chitransgene in a similar manner 
as described above for chs endogenous genes. In some of the other trans
formants uni- or bidirectional transcriptional silencing of the different chi 
transgenes was observed, which was associated with transgene methylation. 
However, in none of the transformants in which expression of the chitransgenes 
was affected, was expression of the endogenous chiA gene suppressed. We 
favour the idea that this differential sensitivity to suppression is related to the 
different genomic positions. 

2.4 Natural Antisense RNAs in Plants 

The occurrence of natural antisense RNAs has been described in bacteria, fungi 
and animals (for a review, see VAN BLOKLAND et al. 1993). In only a few cases has 
natural antisense RNA been observed in plants. For example, complementary 
transcripts to the a-amylase mRNA are present in barley (ROGERS 1988). The 
presence of antisense a-tubulin transcripts in Zea mays has recently been 
described by DOLFINI et al. (1993). SCHMITZ and THERES (1992) have described the 
occurrence of overlapping transcripts derived from the Bz2 locus of maize. This 
locus is involved in one of the later steps in anthocyanin biosynthesis. Since Bz2 
is a single-copy gene, the overlapping transcripts must be derived from the same 
locus. The biological function of all these natural antisense RNAs, if any, remains 
to be determined. Low amounts of antisense transcripts complementary to the 
chs genes have been detected in the petunia varieties Red Star and Velvet 
Picotee (VAN BLOKLAND 1994). These varieties exhibit phenotypes similar to those 
produced by antisense chs transgenes and it is therefore tempting to speculate 
that the presence of these natural antisense transcripts is related to the formation 
the flower colour pattern. How these antisense transcripts are generated is 
unclear at present. 

3 Gene Silencing by Sense Genes 

Overexpression of genes is one of the strategies employed to overproduce 
specific proteins or to alter fluxes in metabolic pathways. To achieve this, cloned 
genes transcribed by strong constitutive or tissue-specific promoters are trans
ferred into plants and suitable transformants are selected. However, in contrast to 
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expectations, gene suppression is found in a considerable proportion of the 
plants. In these cases, either the resident gene, the introduced transgenes or both 
have been found to be inactivated. This phenomenon is termed co-suppression or 
sense suppression (JORGENSEN 1992). 

3.1 Examples of Gene Silencing by Sense Genes 

Several cases of gene silencing in plants by sense genes have been documented 
whereby distinct types of gene suppression could be distinguished: transgene 
inactivation and methylation in multicopy transformants, transgene silencing in 
sequentially transformed plants and post-transcriptional gene suppression (for 
reviews, see JORGENSEN 1990, 1992; GRIERSON et al. 1991; KOOTER and MOL 1993; 
MATZKE and MATZKE 1993; MEYER et al. 1993; VAN BLOKLAND et al. 1993; MOL et al. 
1994). It is not clear to what extent the results obtained with the different systems 
can be compared because the mechanisms could be different. However, a key 
factor in all these cases seems to be the sequence homology between the 
suppressed and the suppressing genes, as if some kind of homology-sensing 
machinery is operating. 

3.1.1 Transgene Inactivation and Methylation 
in Multicopy Transformants 

Transcriptional inhibition of transgenes is very often correlated with increased 
methylation (LINN et al. 1990; ASSAAD et al. 1993; HOBBS et al. 1993; MATZKE et al. 
1993). Mutual suppression of transgenes sometimes occurs in plants that carry 
multiple copies of the transgenes. This phenomenon has been observed with 
dihydroflavonol 4-reductase (dfr) transgenes in petunia (MEYER et al. 1987; LINN 
et al. 1990), uidA genes in tobacco (HOBBS et al. 1993) and hygromycin (hpt) and 
neomycin (npt) genes in Arabidopsis (MinELsTEN SCHEID et al. 1991; ASSAAD et al. 
1993). Some of these cases are described elsewhere in this volume. 

3.1.2 Post-transcriptional Suppression of Chalcone Synthase Genes 

Not all gene silencing phenomena caused by transgenes can be explained 
by methylation of the interacting genes. Dosage-dependent suppression of a 
~-1 ,3-glucanase transgene (DE CARVALHO et al. 1992), as well as suppression 
of phenylalanine ammonia-lyase (ELKIND et al. 1990; BATE et al. 1992) and CHS 
(MOL et al. 1991; VAN BLOKLAND 1994; VAN BLOKLAND et al. 1994) by homologous 
transgenes are clear examples of post-transcriptional processes. 

Mutual silencing of transgenes and endogenous genes was first reported by 
NAPOLI et al. (1990) and VAN DER KROL et al. (1990a). Transfer of genes from the 
flower pigmentation pathway encoding the enzymes CHS and dihydroflavonol 
4-reductase back into petunia resulted in transformants with reduced flower 
pigmentation. Some plants produced completely white flowers, whereas others 
showed pigmentation patterns. These altered phenotypes were observed in 
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20%-50% of the transformants. In the white sectors of the corolla of chs sense 
transformants both the endogenous and the transgene chs RNAs were strongly 
reduced, but analysis of nascent chs RNAs revealed that the flavonoid genes 
were transcribed at normal rates and chs RNAs correctly processed and polyade
nylated (VAN BLOKLAND 1994). Interestingly, a slight accumulation of unspliced 
chs precursor RNAs was found. However, spliced transcripts were also detect
able (although at lower levels than in wild-type tissue), indicating that splicing 
is not completely blocked. Moreover, intronless transgenes are suppressed 
simultaneously with native intron-containing genes. We therefore think that the 
seemingly reduced splicing is a consequence of another process which is 
affected by the presumed interaction, rather than itself being the cause of chs 
suppression. 

Sense suppression is not caused by transcriptional silencing but rather by 
preventing accumulation of mature mRNAs. The strength ofthe promoter used to 
drive transcription of the transgenes seems not to be of critical importance. Both 
the CaMV-35S and the endogenous chs promoter have proved effective (VAN DER 
KROL et al. 1990a); even promoterless chs genes gave phenotypic effects in 15% 
of transgenic petunia plants (VAN BLOKLAND 1994; VAN BLOKLAND et al. 1994). 
Pigmentation patterns are influenced by light and hormones in a similar manner 
as is observed with antisense transformants (VAN DER KROL et al. 1990b; M. Stam, 
unpublished results). There is no positive correlation between a particular rate of 
transgene transcription and chs suppression. In the case of local chs suppression 
the transcription rates of the chs genes are identical in pigmented and unpigmen
ted sectors. Taken together, the data obtained so far in this system indicate that 
the action of extra sense genes resembles that of antisense RNA producing 
genes. Silencing of homologous plant genes has been observed with chimeric 
(uidA-chsA; uidA-dfr) and truncated chs transgenes (VAN BLOKLAND 1994) as well 
as with truncated polygalacturonidase (pg) genes (SMITH et al. 1990b). As in these 
cases no functional CHS or PG enzyme is made, mechanisms involving feedback 
inhibition by elevated levels of gene products or metabolites are unlikely. 

3.2 Gene Suppression Without Transgenes 

A number of cases where gene suppression occurs in the absence of transgenes 
have been documented. For example, paramutation is an epigenetic phenome
non in which a directed alteration of one allele is caused by the presence of 
another allele of the gene. PATIERSON et al. (1993) have studied paramutation of 
alleles of the b gene involved in anthocyanin pigmentation. Plants homozygous 
for the strong B-1 allele produce high levels of anthocyanins. B' is a weak 
spontaneous mutant allele of B-1; plants homozygous for B' produce little antho
cyanin. B'/B-I heterozygotes, which are expected to produce an intermediate 
amount of anthocyanin, behave as B'/B' homozygotes. Apparently, B' is domi
nant over B-1. The B-1 allele is never transmitted from a B'/B-I heterozygote; it is 
changed to B'. The change from B-Ito B'is accompanied by a drastic reduction in 
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transcription. However, Patterson et al. found no evidence for rearrangements or 
changes in sequence or in methylation status. They suggested that b 
paramutation involves a physical interaction between alleles that promotes a 
heritable alteration in chromatin structure (see also JORGENSEN 1992). 

Several semidominant alleles have been described for the nivea locus of 
Antirrhinum majus (encoding CHS) which resemble introduced sense genes in 
their ability to suppress the activity of the wild-type chs allele in trans (BOLLMANN 
et al. 1991). These chs alleles were derived from the unstable niv-93 allele, which 
has the Tam3 transposon inserted into the promoter (COEN and CARPENTER 1986). 
Structural analysis of three semidominant nivea alleles showed the presence of 
inversions and multiple copies of niv gene sequences (BOLLMANN et al. 1991). 
Although the cause of the semidominance of these nivea alleles is not known, the 
duplication/rearrangement process may have features in common with the 
T-DNA integration event. Other examples of natural suppression of chs genes 
have been found in the petunia varieties Red Star and Velvet Picotee. Flowers of 
the first variety have alternating red and white sectors whereas Velvet Picotee 
has a white ring at the outer edge of the corolla and a coloured tube. The chs 
mRNA level in white sectors is severely reduced as compared to the red sectors 
(MOL et al. 1983; VAN BLOKLAND 1994). However, in the white sectors, chs is 
transcribed at the same rate as in the pigmented parts. This is in agreement with 
the observation that the chs promoter directs expression of the cat reporter gene 
equally well in coloured and unpigmented sectors of the flowers of transgenic 
Red Star (VAN DER MEER 1991). These data indicate that in Red Star and Velvet 
Picotee the expression of chs is also inhibited by a post-transcriptional mecha
nism. In both varieties (but not in wild-type petunia) a low level of antisense chs 
gene transcription was detected (VAN BLOKLAND 1994). It is tempting to speculate 
that one member of the chsgene family is rearranged analogous to the semidom
inant nivea locus and mimics an antisense chs transgene. It remains unclear, 
however, how these rearrangements generate such regular pigmentation pat
terns in flowers. Since both the abaxial and adaxial side of the corolla are affected 
in a similar manner, the pigmentation pattern might be established early during 
flower development. 

4 Are There Different Mechanisms for Antisense 
and Sense Gene-Mediated Silencing? 

A number of different cases have been described in which homologous antisense 
and sense genes suppress gene expression in plants. The mechanism(s) by 
which antisense genes work in plants is still unclear. In those cases where a 
strong correlation is observed between gene dosage and gene suppression 
(HAMILTON et al. 1990; SMITH et al. 1990a), the mechanism may involve the 
formation of dsRNA. However, attempts to identify duplexes between antisense 
RNA and mRNA in plants have been unsuccessful so far. In cases where small 
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amounts of antisense RNA are effective or where local effects are observed 
(CANNON et al. 1990; STOCKHAUS et al. 1990; VAN BLOKLAND 1994), additional factors 
must come into play. In other cases where sense transgenes interact with 
antisense transgenes, transcriptional silencing can occur independent of the 
production of antisense RNA (YIBRAH et al. 1993; DE LANGE 1994). 

Several mechanisms have been proposed in the literature to explain sense 
gene-induced suppression, some of which are based on similar phenomena in 
other organisms (JORGENSEN 1990, 1992). They include: 

1. inactivation of genes by methylation induced by the presence of homologous 
sequences in trans (LINN et al. 1990; HOBBS et al. 1993; MATZKE et al. 1993) or in 
cis by repeated sequences (ASSAAD et al. 1993). The latter resembles the 
mechanism of repeat-induced point mutation and methylation induced pre
meiotically in filamentous fungi (CAMBARERI et al. 1989; SELKER 1990, 1991; 
RHOUNIM et al. 1992). 

2. The production of "unintended" antisense RNA (GRIERSON et al. 1991). 
3. Allelic interactions proposed to occur in the case of paramutation in plants 

(BRINK 1973; PATIERSON et al. 1993). Such allelic interactions can be envisaged 
by pairing of homologous loci or chromosomes. In the case of transvection in 
Drosophila the allelic interaction (TARTOF and HENIKOFF 1991) is mediated by 
DNA-binding proteins that interact with promoter sequences (CHEN et al. 1992) 
and results in a transcriptional activation. In the other cases the mechanism is 
unknown. It is conceivable that sequence homology between chromosomal 
loci, whether allelic or ectopic, is sufficient for pairing although such a sugges
tion is speculative, pairing could be further enhanced by transcripts, especially 
if one of the loci produces antisense RNA. 

4.1 Could There Be a Role for Antisense RNA in Plant Gene 
Suppression by Sense Genes? 

Since sense suppression has so many features in common with antisense 
suppression, one may speculate that the mechanism of action of antisense and 
sense genes share common steps. 

It has been suggested that sense suppression is caused by the production of 
"unintended" antisense RNA molecules. The ways in which antisense RNA 
could be transcribed from an introduced sense transgene are discussed by 
GRIERSON et al. (1991). This idea is supported by the observation that in petunia 
plants transformed with a sense chs gene, the production of very small amounts 
of nascent antisense chs transcripts could be detected (VAN BLOKLAND 1994): The 
production of nascent antisense chs transcripts was also observed in transfor
mants in which flower coloration was normal or in sectors. In untransformed 
controls antisense chs transcripts levels were below our detection limits. Even in 
plants harbouring promoterless chs cDNAs, minute amounts of antisense chs 
transcripts were produced, both in white and in pigmented parts of the corolla. 
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The chs mutants Red Star and Velvet Picotee also produce small amounts of 
antisense chs transcripts (VAN BLOKLAND et al. 1994). 

An attractive feature of the antisense RNA model is that it explains the 
remarkable similarity in the effects of sense and antisense chs genes. However, 
since antisense RNA production is at a much lower level than sense and 
endogenous RNA production in the sense transformants, data are hard to 
accommodate within a model in which a sense RNA interacts directly with an 
antisense RNA since this would require stoichiometric amounts of antisense 
RNA. If we assume that a dsRNA is an intermediate in the degradation process, 
it is difficult to understand how an excess of m RNA can be degraded, unless one 
assumes that antisense RNA can work catalytically or that antisense RNAs can 
hybridize simultaneously to multiple nascent mRNA molecules by virtue of the 
proximity of the genetic loci which produce these RNAs. 

4.2 Allelic and Ectopic Interactions 

In those cases where antisense RNA cannot easily account for gene silencing, 
e.g. the local effects of sense and antisense chs genes, alternative explanations 
should be provided. Titration of transcription factors is a possibility; however, this 
would only account for those cases where transcriptional silencing occurs and 
where a correlation between the extent of gene silencing and the number of 
expressed gene copies is evident. Another possibility is specific feedback regula
tion by elevated levels of gene products or metabolites. This type of explanation 
can only account for the reported silencing of ~-1 ,3-glucanase and pal genes and 
not for silencing of chs and pg expression by truncated genes or of that by foreign 
genes. A recently advanced alternative to explain sense gene-induced silencing is 
ectopic pairing (JORGENSEN 1990, 1992). In this model a direct interaction between 
homologous DNA sequences may lead to exchange of (unspecified) chromation 
components. In this way two distinct allelic or ectopic gene pairs may be 
"harmonized", the result of which may be silencing. The silencing principle is 
unknown so far, but heterochromatization may be one of the possibilities (ASSAAD 
et al. 1993). 

In a normal situation unperturbed allelic gene pairs or gene family members 
are not silenced. Thus, sequence homology per se is not sufficient to achieve 
gene silencing. Evidence is accumulating that the structure of (one of) the 
homologous loci, whether ectopic or allelic, may determine whether they interact 
in a transcriptional/post-transcriptional mode or not at all. For example, HOBBS et 
al. (1993) found that transcriptional silencing of uidA transgenes was correlated 
with the presence of T-DNA inverted repeats. ASSAAD et al. (1993) identified 
expressed single-copy and silenced multicopy inserts at the same locus. Pheno
typic effects of chs transgenes in petunia are correlated with the presence of 
inverted repeats of T-DNA (VAN BLOKLAND 1994). Because of the local effects in 
some plants carrying chs transgenes, the structure of integrated T-DNAs cannot 
be the only factor involved. 
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5 Conclusions and Future Prospects 

The use of sense and antisense genes has provided a wealth of information on 
the regulation of primary and secondary metabolism in plants and facilitated the 
identification of cryptic genes. The availability of cell-type and developmental 
stage-specific promoters allows the spatial and temporal suppression of gene 
expression. Transformation of plants with a specific construct yields a collection 
of transformants with various expression levels and phenotypes. Such a collec
tion of plants cannot be obtained easily by other approaches such as radiation, 
T-DNA and transposon mutagenesis or homologous recombination. Therefore, 
modulation of gene expression can be best achieved by sense and antisense 
genes. 

A number of problems remain to be solved, however. For instance, the 
genetic stability of transgenes cannot be controlled over many generations. This 
problem has to be solved if crop production on a commercial basis is aimed at. 
The use of scaffold attachment sites may improve the genetic stability of the 
transgenes by eliminating effects of flanking sequences (STIEF et al. 1989; PHI VAN 
et al. 1990; BREYNE et al. 1992; SCHOFFL et al. 1993). Another potential problem is 
that one cannot predict the efficiency of sense and antisense genes on the basis 
of their size and sequence. If we understand the mechanism of sense and 
antisense suppression this issue may be resolved; however, the situation we 
face today is still rather complicated and confusing since some combinations of 
genes interact at the transcriptional level whereas others do so post-transcription
ally. The same combinations of sense and antisense genes can even display 
different modes of gene silencing (YIBRAH et al. 1993; this chapter). In the cases 
studied, gene methylation is clearly a function of transgene dosage and only 
affects transgenes (LINN et al. 1990; HOBBS et al. 1993). We are not aware of any 
case whereby a transgene causes methylation of a resident plant gene. The post
transcriptional mode of action of some antisense and sense genes is an even 
greater mystery. The action, for example, of antisense and sense chs genes 
cannot readily be explained by a simple model involving duplex RNA formation. 
Theoretically, low production of antisense RNA may be sufficient to obtain post
transcriptional silencing of the homologous resident copy, e.g. by facilitating 
pairing of ectopic gene copies. It is not known, however, whether antisense RNA 
can accomplish this. For other genes such as efe and pg in tomato, for which 
suppression depends on gene dosage, silencing could operate through duplex 
RNA formation. Whereas the production of "unintended" antisense RNA may 
provide a plausible explanation for the observed effects of sense chs transgenes, 
it cannot readily explain the suppression of ~-1 ,3-glucanase and pal genes. 
Suppression of ~-1 ,3-glucanase and palmight have been caused by a biochemical 
switch which is activated by increased levels of enzymes or metabolites. Gene 
silencing by transgenes seems to depend on the nucleotide sequence homology 
of the loci involved. It is conceivable that chromatin structure and the relative 
location of genes in the nucleus playa key role in this process. The use of in situ 
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hybridization techniques and the analysis of chromatin structure may provide 
further insights into such parameters. 

Whether co-suppression occurs in the nucleus or in the cytoplasm is un
known. Support for a nuclear process could come from experiments with sense 
and antisense intron sequences. To our knowledge such experiments have not 
been reported in the literature. Post-transcriptional suppression of genes may 
occur outside the nucleus (LINDBO et al. 1993). These authors have shown that 
accumulation of RNA of the tobacco etch virus (TEV) in infected tobacco plants 
can be inhibited by introduction of a TEV gene encoding a truncated, non
functional coat protein. The transgene is transcribed normally but steady-state 
transcript levels are severely reduced. Whether this phenomenon is related to the 
other cases of gene silencing remains to be determined. 

In conclusion, we believe that further analysis of nuclear architecture, chro
matin structure and determinants of RNA stability will aid our efforts to under
stand the different mechanisms of gene silencing in plants. 
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The tomato (Lycopersicon escu!entum), and in particular the ripening fruit has 
been the subject of numerous experiments involving antisense or sense 
transgene-mediated suppression of endogenous gene expression in plants, and 
commercial products developed with these techniques are likely to be on sale in 
1995. The efficiency, reliability and technical simplicity of these genetic approach
es belies our very limited understanding of how they work. This review discusses 
how experiments to modify tomato gene expression have provided a wealth of 
new physiological and biochemical information and the contribution they have 
made to our understanding of the nature of antisense and sense gene-mediated 
suppression. 
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2 Cell Wall Metabolism During Ripening 

Plant cell walls are complex structures which give strength to plant organs, 
protect the enclosed cells from a variety of environmental insults and give shape 
to the cells, tissues and ultimately the plant as a whole. Therefore, precise control 
of cell wall structure, composition and biochemistry is of fundamental importance 
to the plant during growth and development. This is partly accomplished by the 
coordinated action of a number of hydrolytic enzymes which cleave the various 
polymers that constitute the cell wall (for review see McNEIL et al. 1984 and 
VARNER and LIN 1989). Cell wall changes which occur during fruit ripening have 
become an important model system for the study of the induction of such 
enzymes, their interactions and the changes they cause. It is also believed that 
these are responsible for the textural softening of fruit such as tomato which 
greatly affects their use by the processing industry and consumers (for review 
see HUBER 1983 and FISCHER and BENNETI 1991). 

2.1 Polygalacturonase 

Polygalacturonic acid is a major component of cell walls and is often particularly 
abundant in fruit cells. In tomato it had long been thought that the large de novo 
synthesis of polygalacturonase lPG, which degrades polygalacturonic acid (pec
tin) to galacturonic acid monomers] at the onset of ripening was the major cause 
of softening (HUBER 1983; BENNETI and DELLAPENNA 1987; BRADY 1987). The 
evidence for this included the correlation of increasing PG activity with increasing 
softness of the fruit (HOBSON 1965) and the much reduced levels of PG in mutant 
tomato fruit which fail to soften (BRADY et al. 1983). Although the inhibition of PG 
activity to as little as 0.5% of wild-type levels by a PG antisense transgene 
resulted in fruit more resistant to splitting (SMITH et al. 1988). there was, in initial 
tests, little effect on softening (SCHUCH et al. 1991). KRAMER et al. (1992) subse
quently reported that PG inhibition by an antisense gene (SHEEHY et al. 1988) to 1 % 
of the control level did impair softening but these experiments used different 
varieties of tomato. These data suggest that although PG has some role in 
softening it is clearly not the only determinant. Fruit from PG antisense plants do 
show increased soluble polyuronide content and improved processing quality 
over controls (SMITH et al. 1990a; SCHUCH et al. 1991). KRAMER et al. (1992) also 
reported increased disease resistance to the post-harvest pathogens, 
Geotrichum candidum and Rhizopus stolonifer. However, there was no increased 
resistance to Colletotrichum gloeosporioides using the reduced PG plants of 
SMITH et al. (1988; COOPER 1993). This could be because of varietal differences in 
the host tomatoes used or greater invasiveness of C. gloeosporioides compared 
to G. candidum and R. stolonifer. 

Polygalacturonase had also been proposed to have a role in initiating fruit 
• I • ,I I r II 
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gaseous hormone has long been recognised as playing a major role in the ripening 
of climacteric fruit such as the tomato (see Sect. 3). However, in the PG antisense 
plants, neither ethylene synthesis nor ripening was affected (SMITH et al. 1990a), 
implying that the generation of pectin fragments is not responsible for triggering 
the increase in ethylene synthesis. 

The same part of the PG cDNA used by SMITH et al. (1988) in their antisense 
gene was also expressed in the sense orientation as a control but unexpectedly 
also inhibited PG production at least as effectively as the antisense. No biochem
ical differences were observed in the fruit ripening of tomatoes in which PG 
activity had been inhibited by the sense compared to the antisense gene (SMITH 
et al. 1990b). 

2.2 Pectin Esterase 

The galacturonosyl residues in the pectin of plant cell walls are frequently 
methoxylated at their C6 carboxyl groups (FRY 1988). This esterification may have 
a physiological role: it could prevent the formation of Ca2+ cross-links in pectins 
(FRY 1986) and decreases the susceptibility of pectin to degradation by polygalac
turonase (PRESSEY and AVANTS 1982; SEYMOUR et al. 1987). It is possible that before 
incorporation of pectin into the cell wall, the carboxyl groups of its galacturonosyl 
residues are already highly methoxylated and once in the cell wall the pectin can 
be de-esterified to varying degrees by the action of pectin esterase (PE; KAuss and 
HASSID 1967; ROBERTS 1990). PE is expressed throughout fruit development, 
increasing two- to threefold during ripening (HOBSON 19'63). The role of methyles
terification and the enzyme PE has been addressed by antisense gene-mediated 
suppression (TIEMAN et al. 1992; HALL et al. 1993) using a PE cDNA expressed 
during ripening. Both groups of authors reported the reduction to less than 10% 
of wild-type levels of PE activity in fruit from plants transformed with a PE 
antisense gene, confirming that these cloned sequences indeed encode function
al PEs. Pectin remained more extensively methoxylated in the antisense fruit, 
confirming this enzyme's role in vivo. In both cases activity could not be reduced 
below 7% of normal PE activity with the antisense genes used and the expres
sion of a different isozyme of PE encoded by a gene not homologous to any 
cloned PE genes was suggested as the explanation for the residual activity. 
TIEMAN et al. (1992) reported reduced PG activity in the fruit, corroborating earlier 
suggestions that PE and PG act synergistically upon the same polymer (PRESSEY 
and AVANTS 1982; SEYMOUR et al. 1987). Their observations that PE antisense fruit 
contained less EDTA-soluble polyuronides compared with wild type also provide 
support for the Ca2+ bridge theory of pectin cross-linking. The reduction of PE 
activity improves the processing of the tomatoes (GRIERSON and SCHUCH 1993), 
although HALL et al. (1993) report no reduced softening of PE antisense fruit. 
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2.3 Polygalacturonase and Pectin Esterase 

There have been two reports of simultaneous inhibition of PG and PE with 
homologous suppressing transgenes. In one experiment, a transcriptional fusion 
of PG and PE sense sequences inhibited the expression of both genes (SEYMOUR 
et al. 1993). GRIERSON and SCHUCH (1993) reported that as well as combining the 
improved qualities of both the single effect lines (see Sects. 2.1 and 2.2) the fruit 
from plants with the double construct had additional improvements in other 
processing parameters. PEAR et al. (1993) described the successful inhibition of 
both these enzymes by two separate antisense genes incorporated into the host 
genome as a single locus, but no physiological data were described. It is likely that 
such combinatorial constructs will prove very useful in analysing complex bio
chemical pathways and enzyme interactions. 

3 Ethylene 

The pivotal role of the phytohormone ethylene in the ripening of climacteric fruit 
(e.g. tomato, apple, banana and avocado) has been extensively studied over the 
last few decades (BURG 1962; YANG 1981; YANG and HOFFMAN 1984) although 
humans had already unwittingly exploited the effects of ethylene for many 
centuries. For example, the Chinese hastened the ripening of fruit by exposing 
them to burning incense (SALISBURY and Ross 1969). The pathway for the biosyn
thesis of ethylene is the same in all higher plants studied (YANG and HOFFMAN 
1984). The two enzymes specific to the pathway are ACC-synthase and ACC
oxidase (for review see KENDE 1993): ACC-synthase converts S-adenosyl methion
ine to aminocyclopropane-1-carboxylic acid (ACC) and ACC-oxidase converts 
ACC to ethylene. Antisense transgenes have been used in the investigation of 
both enzymes and played a particularly significant role in the identification of ACC
oxidase. 

3.1 ACC-oxidase 

Although genes encoding ACC-synthase had been cloned using information 
gained from protein purification (SATO and THEOLOGIS 1989; VAN DER STRAETEN et al. 
1990; OLSON et al. 1991; NAKAJIMA et al. 1990)' ACC-oxidase could not be purified 
and no molecular probes were available. The identification of the gene encoding 
this enzyme in tomato was accomplished as follows: a cDNA (pTOM13) had been 
isolated from a tomato fruit ripening library and the expression of its homologous 
mRNA correlated with ethylene synthesis (SMITH et al. 1986; HOLDSWORTH et al. 
1987). An antisense gene constructed from this cDNA strongly inhibited expres
sion of ACC-oxidase activity in transgenic tomatoes (HAMILTON et al. 1990). 
Subsequent heterologous expression of related cDNAs showed that these alone 
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encoded ACC-oxidase (HAMILTON et al. 1991; SPANU et al. 1991). At about the same 
time, significant sequence homology between p TOM 13 and a 2-oxoglutarate
dependent dioxygenase, flavanone 3-hydroxylase, was discovered (A. Prescott, 
personal communication, cited in HAMILTON et al. 1990). Using the published 
extraction and assay method for the flavanone-3-hydroxylase, VERVERIDIS and JOHN 
(1991) were able to extract ACC-oxidase activity from melon fruit. Since then 
considerable progress has been made in the purification of ACC-oxidase and 
cloning of ACC-oxidase genes from a number of plants (for review see KENDE 1993 
and PREscon 1993). 

As well as providing evidence that pTOM13 encoded ACC-oxidase, the 
antisense experiment produced plants in which ethylene synthesis in fruit was 
reduced to around 5% of the normal level. These fruit did not acquire the normal 
full redness and were much more resistant to shrivelling upon prolonged storage 
(HAMILTON et al. 1990). A more thorough study of these plants by PICTON et al. 
(1993) investigated further the role of ethylene in fruit ripening. This revealed that 
detaching the fruit from the plant prior to ripening enhanced the subsequent 
delayed ripening phenotype. This may be the result of preventing transport of 
some unidentified factor into or out of the fruit. It has recently been shown that 
cytokinins are exported from tomato fruit during ripening (MARTINEAU et al. 1994). 
This type of plant growth regulator has been implicated as an inhibitor of ripening 
(ASDEL-KADER et al. 1966; DAVEY and VAN STADEN 1978) and so is a prime candidate 
for this hypothetical mobile factor. Based on this, normal ripening might depend 
upon the ratio of ethylene to cytokinins or different aspects of ripening may be 
affected by the two hormones. Despite the visually obvious delay in ripening, fruit 
from these plants showed surprisingly little difference from wild type in their 
expression of a variety of ripening-related genes (PICTON et al. 1993). It is possible 
that the genes studied might not include those critically involved in the obvious 
changes in ripening. Alternatively, ethylene might modify the translation of those 
mRNAs or the activity and stability of their protein products. 

Ethylene is involved in other programmed degenerative processes such as 
leaf and flower senescence. The onset of leaf senescence was delayed signifi
cantly in ACC-oxidase antisense plants, confirming the suspected role of ethylene 
in this process (PICTON et al. 1993). 

Ethylene is necessary for the full development of quality attributes associat
ed with ripening. However, the continued production of ethylene quickly results 
in a product which cannot be transported or stored and is easily colonised by fungi 
and bacteria. Ethylene also hastens the senescence of leafy vegetables and cut 
flowers. The spoilage of produce as a result of these effects causes enormous 
losses to growers, vendors and consumers and so it is likely that the manipulation 
of ethylene biosynthesis with antisense (and probably sense) genes will have 
major agronomic application in the future. 
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3.2 ACC-synthase 

Tomato plants with a greater reduction in ethylene synthesis were produced by 
OELLER et al. (1991) using an ACC-synthase antisense construct. The retardation 
of ripening was more pronounced in these than with the ACC-oxidase antisense 
gene. OELLER et al. (1991) suggest that because ACC-synthase is less stable than 
ACC-oxidase the former might be more susceptible to antisense inhibition. 
However, considerably more ACC-synthase antisense plants were produced, 
thus increasing the chance of identifying a severely suppressed line. Further
more, the ACC-oxidase inhibition was by a single-copy antisense gene whereas 
ten copies of the ACC-synthase antisense gene at one locus were present in the 
line described. Using these plants it was shown that softening, colour production, 
aroma development and the rise in respiration were all ultimately induced by 
ethylene. Furthermore, these physiological changes could be restored by the 
addition of exogenous ethylene. Although ethylene's role as the ripening hor
mone has long been accepted, this was based primarily on physiological evidence 
(YANG and HOFFMAN 1984; BRADY 1987). The selective inhibition of ethylene 
biosynthesis genes has provided complementary genetic evidence confirming 
the central role of ethylene in climacteric fruit ripening. 

3.3 E8 

Another antisense transgene which, more unexpectedly, affected ethylene syn
thesis was constructed from the ripening-related cDNA E8 in order to investigate 
the function of this gene (PENARRUBIA et al. 1992). RNA homologous with the 
E8 clone is expressed concomitantly with ethylene synthesis in ripening fruit 
(LINCOLN and FISCHER 1988). This cDNA has 34% amino acid sequence identity 
with ACC-oxidase (DEIKMAN and FISCHER 1988) and so likely encodes a 2-
oxoglutarate-dependent dioxygenase. Ripening fruit from E8-antisense plants 
which had less than 10% of normal levels of the E8 protein, synthesised six times 
more ethylene than did wild-type controls. The reason for this is not yet known 
and awaits the measurement of ACC-synthase and ACC-oxidase activity. 

4 Phytoene Synthase 

The second enigmatic cDNA to disclose its secrets upon inhibition with an 
antisense gene was another ripening-related clone, pTOM5 (BIRD et al. 1991). A 
number of plants transformed with the pTOM5 antisense gene had greatly 
reduced amounts of pTOM5-homologous RNA. These plants produced yellow 
fruit with reduced carotenoid content and flowers with pale yellow corollas. 
BRAMLEY et al. (1992) showed that these plants accumulated phytoene, the first 
carotenoid in the pathway. BARTLEY et al. (1992) demonstrated that expression of 
the p TOM5 cDNA complemented the carotenoid less ertB mutant of Rhodobaeter 
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capsulatus. Togetherthese results demonstrated that the pTOM5 cDNA encodes 
phytoene synthase (PSY) in tomato. Like the experiments with ACC-oxidase, the 
antisense approach with pTOM5 not only provided important evidence as to the 
function of the protein encoded by a cDNA clone, but also resulted in the 
generation of plants in which the result of reduced enzyme activity could be 
studied. In these plants the synthesis of carotenoids in leaves was not affected, 
implying there is a different isozyme of PSY in leaves not susceptible to inhibition 
by this antisense gene. A fuller spectrum of the effects of disturbing carotenoid 
production was observed in subsequent experiments in which FRAY and GRIERSON 
(1993) showed that the naturally occurring tomato mutant yellow flesh could be 
complemented with a functional phytoene synthase sense transgene. Although 
this mutant has impaired carotenoid synthesis in ripening fruit and flowers, 
the plants are otherwise phenotypically normal, indicating that the phytoene 
synthase responsible for carotenoid production in vegetative tissues is unaffect
ed. In the population of transgenic plants obtained, as well as individuals resem
bling wild-type tomatoes due to the restoration of normal Iycopene production, 
there were plants exhibiting the striking effects of underproduction of carotenoids 
not only in their fruit and flowers but also in their leaves. The visual manifestation 
of this was photobleaching of the chlorophyll resulting in yellow leaves and pale, 
almost silver, fruit and flowers. Both the transgene transcript and the truncated 
transcript from the mutated endogenous gene were much reduced in abundance. 
This effect is very similar to previously recorded cases in which the transforma
tion with additional sense copies of dihydroflavanol reductase (VAN DER KROL et al. 
1990) and chalcone synthase (NAPOLI et al. 1990) in petunia, PG in tomato (SMITH 
et al. 1990b), and ~-1 ,3-glucanase (DE CARVALHO et al. 1992) and chitinase (HART et 
al. 1992) in Nicotiana sylvestris caused the suppression of the expression of the 
endogenous gene. 

Leaves do contain PSY activity but no mRNAs which hybridise with the 
pTOM5 cDNA in RNA gel blot analyses (R. Fray, unpublished data). However, the 
result of FRAY and GRIERSON (1993) suggest the pTOM5 cDNA sense sequence 
apparently can suppress this gene. BARTLEY et al. (1992) suggest that the pTOM5 
antisense gene may have failed to suppress carotenoid production in leaves (BIRD 
et al. 1991) because it was synthesised from a part of the pTOM5 cDNA which 
lacked homology with the gene expressed in leaves. However, in a small number 
of transgenic plants, a pTOM5 antisense gene constructed from the entire coding 
sequence similarly failed to reduce carotenoid synthesis in leaves while severely 
impairing their production in fruit (R. Fray, unpublished data). 

5 Mechanism of Action of Antisense and 
Sense Suppression 

Numerous examples of what MATZKE has termed" homology-dependent gene 
silencing" exist (JORGENSEN 1992; MATZKE et al. 1994) but only some of these have 
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been observed in experiments with fruit-ripening genes. Those described in this 
chapter fall into the categories of reciprocal and non-reciprocal, ectopic, trans
inactivation and the following discussion will be confined to these. The term" co
suppression" will be used to indicate concomitant suppression of the transgene' s 
transcript (sense or antisense) with the target, endogenous gene's transcript. 
None of the experiments with fruit-ripening genes published to date have been 
designed specifically to address the nature of the suppression caused by anti
sense and sense transgenes. Instead they have been aimed at investigating the 
biochemical and physiological roles of proteins encoded by those genes. As a 
result the comparison of data for the purpose of studying suppression mecha
nisms is greatly complicated by differences in tomato variety used, the gene 
studied and the types of analyses performed. In cases where antisense trans
gene inheritance has been described the phenotype segregates with the sup
pressing transgene: plants which have lost the transgene recover a wild-type 
phenotype, indicating there has been no lasting effect upon the endogenous gene 
(SMITH et al. 1988; HAMILTON et al. 1990; TIEMAN et al. 1992; HALL et al. 1993). There 
are no published data concerning the segregation of a suppressed phenotype 
with a sense transgene in tomato. One consistent feature of antisense and sense 
gene suppression is the reduction of steady state levels of the target gene's 
mRNA. How this occurs and at which stage in the mRNA's normal biogenesis its 
accumulation is blocked is not clear. It has also been suggested that the 
mechanisms of antisense and sense gene-mediated suppression may be the 
same (GRIERSON et al. 1991; JORGENSEN 1992). Two broad but distinct schools of 
thought have emerged which unite the mechanisms of sense and antisense 
gene-mediated suppression: the first envisages some form of transient pairing of 
homologous DNA sequences. It is suggested that this would result in the 
alteration of the chromatin structure but not the primary sequence of either or 
both (in cases of co-suppression) loci (JORGENSEN 1992). The most likely effect of 
this would be the perturbation of some aspect of gene transcription. The second 
(for review see MURRAY 1992) involves antisense RNA-mediated suppression and 
relies on the specific base pairing of the transgene's transcript with the target 
gene's transcript resulting in the degradation of the latter (and possibly also the 
former in examples exhibiting co-suppression). This could provide a mechanism 
for sense gene-mediated suppression if the sense transgene gives rise to 
unintended antisense transcripts from promoters within or external to the T-DNA 
insert (GRIERSON et al. 1991). A third model which accounts only for sense gene 
suppression invokes the existence of regulatory circuits based on the perception 
of concentrations of specific mRNAs. It is proposed that these exist in discontin
uous stable states lying between regions of instability and would apply to all 
molecules with the appropriate recognition sequence (MEINS 1989; JORGENSEN 
1992). A fourth model which could include both sense and antisense-mediated 
suppression but which has received little attention is of an RNA-DNA interaction 
in which either the sense or the antisense transgene transcript base pairs with the 
target gene. This would most likely directly or indirectly interfere with transcrip
tion. Recently, the results of WASSENEGGER et al. (1994) have indicated the 



Sense and Antisense Inactivation of Fruit Ripening Genes in Tomato 85 

possibility that viroid RNA can suppress the expression of viroid cDNA trans
genes. 

One major distinction between the above models is that the first and fourth 
would probably affect transcription whereas the second and third would act some 
way downstream of this. Using nuclear run-on assays, SHEEHY et al. (1988) found 
there was no difference in endogenous PG gene transcription in nuclei isolated 
from wild-type plants and PG antisense plants. Although it is possible that the 
process of nuclear isolation in some way relieved the effect of the antisense 
gene, this evidence indicates that transcription initiation is unaffected. Similar 
experiments have not been carried out for examples of sense gene suppression 
in tomato. However, in other plants where sense transgenes have been found to 
inhibit the expression of homologous, endogenous genes, again no effect upon 
the transcription of these genes in isolated nuclei was found (MOL et al. 1991; DE 
CARVALHO et al. 1992). One criticism of nuclear run-on experiments is that they do 
not exclude a mechanism involving the disturbance of transcription elongation 
through the 3' end ofthe gene resulting in the production of incomplete, unstable 
transcripts. We have obtained evidence corroborating and extending the findings 
of SHEEHY et al. (1988) through our analysis of the ACC-oxidase antisense plants: 
although the amount of full-length ACC-oxidase mRNA is reduced in wounded 
leaves (HAMILTON et al. 1990), fragments corresponding to the extreme 3' end of 
the mRNA are as abundant as in leaves from wild-type plants (A. Hamilton, 
unpublished data). This suggests that transcription of the endogenous gene is 
unaffected. We can exclude antisense-induced internal transcription initiation 
since we detect as much ACC-oxidase pre-mRNA in antisense plants as in wild
type plants using an intron 1-exon 2 probe in ribonuclease protection assays (A. 

Hamilton, unpublished data). These results suggest that in the ACC-oxidase 
antisense plants, the ACC-oxidase gene is transcribed fully and accurately, but 
the antisense RNA (presumably by base pairing) interacts with either the primary 
transcript or the mRNA, causing the degradation of the latter (apart from the 3' 
sequences). The experiments with tomato fruit-ripening genes have made less of 
a contribution to the understanding of sense gene suppression. In agreement 
with the results of VAN DER KROL et al. (1990), NAPOLI et al. (1990), DE CARVALHO et al. 
(1992) and HART et al. (1992). we have found that a sense transgene can be either 
over-expressed or co-suppressed with the endogenous gene (FRAY and GRIERSON 
1993). We have not observed a dependence on homozygosity for the suppressing 
locus with either PG or PSY sense genes (SMITH et al. 1990b; FRAY and GRIERSON 
1993). 

Another interesting aspect of the antisense interaction is the occurrence of 
co-suppression of the antisense transcript. This has a bearing on the nature of the 
mechanism: if the hypothetical sense RNA-antisense RNA duplex is a substrate 
for degradative enzymes, one would expect that when the level of sense RNA 
transcription increased (due to normal switching on of its expression) the amount 
of antisense RNA measured would drop if it was (as is usually the case) not 
subject to differential transcriptional regulation. With some examples of anti
sense fruit-ripening genes insufficient data have been published to determine 
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whether co-suppression is occurring (KRAMER et al. 1992; PENARRUBIA et al. 1992; 
TIEMAN et al. 1992; PEAR et al. 1993). Co-suppression was observed with antisense 
genes for PG (SMITH et al. 1988 and possibly SHEEHY et al. 1988), ACC-oxidase 
(HAMILTON et al. 1990) and possibly PE (HALL et al. 1993). However, we have found 
in the case of ACC-oxidase that this phenomenon was only observed in the 
original primary transformant and not in homozygous progeny or hemizygous 
plants produced by backcrossing homozygous ACC-oxidase antisense plants 
with wild types (A. Hamilton, unpublished data). Furthermore, no co-suppression 
was observed in ACC-synthase antisense plants (OELLER et al. 1991). This is in line 
with results from other antisense genes in plants in which co-suppression is not 
observed (STOCKHAUS et al. 1990). On this evidence it seems that any down
regulation of the antisense transcript is coincidental to that of the sense tran
script. It is possible that the antisense RNA interacts only transiently with the 
target sense RNA. thereby interfering with some aspect(s) of its normal process
ing and transport and resulting in its destruction. The fate of the antisense 
transcript itself may be more variable, perhaps because it is foreign. If it is not 
degraded after its first interaction it may be free to interfere with many more of 
the target mRNAs. This may explain the success of extremely low amounts of 
antisense RNA in inhibiting apparently more highly expressed genes (VAN DER KROL 
et al. 1988; STOCKHAUS et al. 1990; BIRD et al. 1991). 

6 Conclusions and Outlook 

The effectiveness and utility of suppressing transgenes has opened a new area of 
continuity between molecular biology, biochemistry, physiology, plant breeding 
and horticulture. The technical simplicity will allow most plant biologists access to 
this powerful tool although our limited understanding of its mechanisms still 
means there is a significant element of uncertainty concerning which sequence 
to use and the interpretation of certain results. Nevertheless, questions have 
been answered and others raised concerning long-standing dogmas. New genes 
have been identified and characterised, allowing major gaps in our knowledge of 
plant biochemistry to be filled. New systems in which single or multiple known 
genes are severely inhibited are becoming available at an increasing rate. In our 
laboratory alone, eight new lines into which antisense and sense genes of 
previously uncharacterised ripening related cDNAs have been transformed are 
already being analysed. From a practical standpoint the technology has been 
highly successful, allowing the intelligent manipulation of a major crop species, 
tomato, with the production of a variety of new lines with improved agronomic 
performance. 
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Recent studies have demonstrated that introduction of sense gene constructs in 
plants can result in transgenic plants which express the transgene but also in 
plants with suppressed levels of transgene expression (reviewed by JORGENSEN 
1991; KOOTER and MOL 1993; MATZKE and MATZKE 1993). In many silencing cases, 
the transgene and homologous host genes are coordinately suppressed in the 
plants, a phenomenon called co-suppression (NAPOLI et al. 1990). Although the 
underlying mechanism(s) are unknown, co-suppression has been reported in 
different plant species, and thus may represent a new approach to the manipula
tion of gene expression in plants. The finding that the presence of transgenes can 
influence the expression of resident genes via a homology-based mechanism 
opens up the possibility that this type of gene regulation may be naturally 
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occurring in plants. A major challenge now is to unravel the molecular mechan
ism(s) responsible for transgene-induced gene silencing in plants. 

This manuscript summarizes our current understanding regarding the 
"sense" co-suppression of ~-1 ,3-glucanase genes in transgenic tobacco plants. 
We will first briefly review some relevant features of plant ~-1 ,3-glucanases, then 
gene silencing results will be highlighted and discussed in relation to other 
silencing cases. In addition, a working model will be presented to explain the ~-
1 ,3-glucanase silencing mechanism. 

1.1 ~-1 ,3-Glucanases in Plants 

~-1 ,3-Glucanases are hydrolytic enzymes which are induced in plants in response 
to various stress situations such as pathogen infection or chemical or hormonal 
treatments (review by Cun and KLESSIG 1992; MEINS et al. 1992). These observa
tions together with the fact that ~-1 ,3-glucanases show antifungal activities in 
vitro (MAUCH et al. 1988; SELA-BuURLAGE et al. 1993) led to the assumption that they 
are involved in plant defence reaction mechanisms. As a consequence, ~-1 ,3-
glucanases have been studied in many plant species, resulting in the isolation and 
characterization of several genes in both monocot and dicot plants (reviewed by 
BOL et al. 1990). In addition to their possible role in defence, ~-1 ,3-glucanases may 
be involved in plant developmental processes as well. For example, expression of 
~-1 ,3-glucanase genes has been associated with flowering (NEALE et al. 1990; ORI 
et al. 1990), seed germination (HoJ et al. 1989; CORDERO et al. 1994; VOGELI-LANGE 
et al. 1994) and seedling development (WONG and MACLACHLAN 1980). Some ~-1 ,3-
glucanase genes are also constitutively expressed in floral and root tissues of 
healthy plants (LOTAN et al. 1989; CASTRESANA et al. 1990; NEALE et al. 1990; COTE et 
al. 1991). 

In tobacco, ~-1 ,3-glucanases are classified as acidic or basic isoforms on the 
basis of their measured or deduced isoelectric points. Even though both acidic 
and basic ~-1 ,3-glucanases are induced in plants upon stress, their regulation, 
subcellular locations and tissue distribution are different. 

Based on amino acid sequence identity, tobacco ~-1 ,3-glucanases were 
classified into at least three main groups (MEINS et al. 1992). The class I enzymes 
are basic isoforms localized in the cell vacuoles. Class II includes neutral and basic 
members, the extracellularly located acidic isoforms, and the non-stress-related 
acidic stylar ~-1 ,3-glucanases. Class III, by contrast, represents only one acidic 
enzyme. Among the different members of class I and class II. sequence identities 
are more than 90% and 80%, respectively, while sequence identity between the 
three classes is only around 50%. 

Vacuole targeting of class I basic ~-1 ,3-glucanases is due to the presence of 
a C-terminal extension protein sequence which is absent in the extracellularly 
located class II acidic isoforms. The presence or absence of C-terminal extension 
sequences correlates with basic or acidic ~-1 ,3-glucanase isoforms, respectively, 
but only for the stress-induced ~-1 ,3-glucanases, since the non-stress-related 
class II acidic stylar proteins also contain a C-terminal extension sequence. 
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Further investigation of the localization of the remaining class II enzymes and the 
class III protein will help to elucidate whether vacuolar/extracellular locations of 
~-1,3-glucanases are correlated with different structural classes or with enzymes 
having basic or acidic pi values. These analyses may increase the understanding 
of the functional relationship between the different enzymes. 

1.2 Characterization of Nicotiana p/umbaginifoJia 
13-1,3-Glucanase Genes 

We have previously described the isolation and characterization of two genes 
(gn 1 and gn2) coding for ~-1,3-glucanases in Nicotiana plumbaginifolia plants (DE 
LooSE et al. 1988; CASTRESANA et al. 1990; GHEYSEN et al. 1990). Sequence analysis 
revealed that the gn2 gene is highly homologous (98%) to class I basic vacuolar 
~-1,3-glucanase from N. tabacum. The gn 1 ~-1,3-glucanase is a basic, vacuolar
located protein which constitutes a new isoform, different from the previously 
characterized N. tabacum proteins. The gn 1 ~-1,3-glucanase shows approximate
ly 75%,50% and 54% sequence identity at the amino acid level, to the class I, II 
and III tobacco ~-1,3-glucanases, respectively. At the DNA level, the sequence 
identity is about 81 %,62% and 64%. 

The expression characteristics of the gn 1 gene were examined both in N. 
plumbaginifolia and in transgenic tobacco plants containing a gn 1 promoter-~
glucuronidase (GUS) gene fusion. These studies revealed that gn 1 is expressed at 
higher levels in the lower parts than in the upper parts of healthy plants, as 
tobacco class I genes, and its expression is highly induced in leaves at local sites 
of bacterial infection. Importantly, both tissue-specific and stress-induced 
expression of the gn 1 gene is primarily controlled at the transcriptional level 
(CASTRESANA et al. 1990). 

1.3 Sense Inhibition of 13-1,3-Glucanase Genes 
in Transgenic Tobacco 

To test whether gn 1 ~-1,3-glucanase could confer increased resistance to plants 
against pathogen attack, transgenic plants were generated which contain a 
chimeric gn 1 gene, designed to produce constitutively high levels of the enzyme. 
This study revealed an unexpected phenomenon of transgene-induced gene 
silencing, where both the transgene and homologous endogenous genes were 
coordinately silenced. The existence of transgenic lines with repressed or non
repressed gn 1 ~-1,3-glucanase levels provided a useful experimental system for 
characterization of this silencing phenomenon in detail. Our analyses revealed 
that a post-transcriptional mechanism operates specifically on homologous 
genes, leading to reduced steady-state mRNA levels in the suppressed plants. 
Furthermore, this phenomenon depends on developmental factors and on the 
transgene dose. These findings suggest that silencing may be a naturally occur
ring pathway of gene regulation in plants. 
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2 Results 

2.1 Analysis of gn1 Expression in Transgenic Tobacco Plants 

A chimeric gene was constructed by fusing the CaMV 35S promoter to a (P35S) 
3.3-kb DNA fragment containing the entire coding region and 1.35-kb 3'-flanking 
sequences of the gn 1 gene. The P35S-gn 1 gene was inserted into a binary vector 
that also contained a chimeric neomycin phosphotransferase (nptll) gene, 
as selection marker. The resulting chimeric construct was introduced into 
N. tabacum cv. SR1 (DE CARVALHO et al. 1992) and the transgenic plants were 
selected on medium containing kanamycin (100 mg/I). Five primary transformants 
(RO) that expressed the P35S-gn 1 and contained one T-DNA locus were self
fertilized for further analysis. The progeny derived from the highest expressing RO 
plant T17, which contained one locus with a complex T-DNA structure with "'three 
transgenes, displayed an unexpected pattern of gn 1 gene expression. T17 plants 
homozygous for the T-DNA locus had almost undetectable levels of gn 1 mRNA in 
all assayed tissues, while hemizygous plants showed gn 1 mRNA levels similar to 
those of the parental RO T17 plant. gn 1 silencing in homozygous T17 plants was 
stable since the absence of gn 1 steady-state mRNA was observed in the R 1, R2, 
R3 and R4 generations, obtained by self-pollination. I n addition, crosses between 
R2 and R3 homozygous T17 plants with wild-type tobacco plants produced 
hemizygous plants with restored levels of gn 1 expression. By contrast, the 
chimeric nptll gene present on the same T-DNA locus showed an expected gene 
dose-response since the nptll mRNA accumulated to ",twofold higher levels in 
homozygous than in hemizygous T17 plants. Therefore, silencing in T17 plants is 
specific for the P35S-gn 1 gene and is strictly correlated with the homozygous 
state of the transgene locus (DE CARVALHO et al. 1992). 

2.2 Co-suppression of Endogenous 13-1,3-Glucanase Genes 

Some of the first results to show that sense transgenes can become silenced in 
plants were reported by NAPOLI et al. (1990) and VAN DER KROL et al. (1990). In these 
cases, chalcone synthase (chs) transgenes and homologous host chs genes 
were simultaneously silenced, a phenomenon referred to as co-suppression. 
Based on their observations, we decided to examine whether endogenous ~-1 ,3-
glucanase genes were also affected by a "co-suppression" -like mechanism in 
homozygous T17 plants. Preliminary results did not show large differences in the 
~-1 ,3-glucanase activity levels between young leaves of wild-type and sup
pressed T17 plants, probably because of the low enzyme quantities. Therefore, 
we looked for possible differences in ~-1 ,3-glucanase levels in stressed plants, 
where endogenous ~-1 ,3-glucanase levels are enhanced. The GN1 ~-1 ,3-
glucanase (pk9.6) was only found in extracts from hemizygous T17 plants. 
Furthermore, the endogenous basic ~-1 ,3-glucanase activity detected in both T17 
hemizygous and wild-type plant extracts was absent in homozygous plant 
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extracts. Instead, the endogenous acidic ~-1 ,3-glucanase activity was similar in all 
plant extracts. Taken together, these data imply that gn 1 and endogenous basic 
~-1 ,3-glucanase genes are co-suppressed in homozygous T17 plants. 

The absence of endogenous basic ~-1 ,3-glucanase activity in T17 homozy
gous plants correlated with strongly reduced levels of tobacco class I basic ~-1 ,3-
glucanase gene transcripts. Thus, co-suppression acts on members of the class 
I tobacco ~-1 ,3-glucanase genes, but not on stress-induced acidic ~-1 ,3-glucanase 
genes from other classes. This selective suppression may occur as a conse
quence of the higher degree of sequence identity that exists between gn 1 and 
class I basic isoform genes (",81 %) than between gn 1 and genes encoding the 
acidic class II and class III ~-1 ,3-glucanases (",63%). However, homology alone is 
not sufficient to trigger the suppression process since the gn 1 and endogenous 
class I genes are only silenced in homozygous T17 plants. This implies that the 
mechanism is induced in a transgene dose-dependent manner or that it requires 
interactions between the allelic homologous transgene copies. 

2.3 Transgene Dose-Dependent Silencing 
of ~-1 ,3-Glucanase Genes 

As the inactivation of the ~-1 ,3-glucanase genes occurs exclusively in T17-
homozygous plants, silencing may thus depend on interactions between allelic 
gn 1 copies. To address this point haploid tobacco plants that contained one T
DNA locus per chromosome set were generated from both hemizygous and 
homozygous T17 plants (DE CARVALHO et al. 1992). The expression of the P35S-gn 1 
as well as of the endogenous ~-1 ,3-glucanase gene appeared silenced in haploid 
tobacco plants, regardless of whether they were derived from homozygous or 
hemizygous T17 plants. This means that ~-1 ,3-glucanase gene silencing does not 
require allelic interactions between gn 1 gene copies. The data suggest that the 
ratio between the transgene dose and either the genome copy or the number of 
endogenous ~-1 ,3-glucanase genes may have importance. In other words, 
silencing might be activated in a dose-dependent way as a function of the number 
of transgene copies or the level of transgene expression. 

2.4 Developmental Control of ~-1,3-Glucanase Gene Silencing 

To evaluate whetherthe suppression phenomenon was stably maintained during 
plant development, the expression of the P35S-gn 1 gene was examined in leaf 
tissues of homozygous and hemizygous T17 plants at different times after seed 
germination on soil. At all the developmental stages, levels of gn 1 mRNA were 
similar in hemizygous T17 plants. In contrast, in homozygous T17 plants gn 1 
mRNA was abundant during the first weeks of plant development but disap
peared after 7-8 weeks of development. Importantly, the expression of the endo
genous class I genes ceased together with the gn 1 expression during development. 
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The timing of gene silencing appears to be a function of environmental 
conditions. Homozygous T17 plants grown in higher light intensities undergo 
silencing at an earlier time point. However, as plants also grow faster in this case, 
the suppressed plants are at a similar growth stage as plants grown in less light. 
This observation suggests that silencing operates at a certain stage of plant 
development. Alternatively, environmental conditions such as light intensity 
could be directly responsible for this early activation of gene silencing. 

Once suppression is settled, it is maintained during later stages of plant 
development. In addition, analysis of several plant parts (upper, middle, and lower 
leaves; root and floral tissues) of suppressed homozygous T17 plants revealed 
that gn 1 suppression occurs in all assayed tissues. 

2.5 Post-transcriptional Control of Gene Silencing 

Co-suppression of ~-1 ,3-glucanase genes in homozygous T17 plants results in 
highly reduced levels of both steady-state mRNA and protein. We investigated 
whether the mRNA levels in hemizygous and suppressed homozygous T17 
plants correlate with the transcriptional activities of the ~-1 ,3-glucanase genes. 
We could show that the gn 1 and the endogenous class I genes were transcribed 
with equal efficiencies in both homozygous and hemizygous T17 plants. This 
result indicates that reduced RNA accumulation in silenced homozygous plants is 
due to a post-transcriptional mechanism specifically affecting the gn 1 and endog
enous basic class I ~-1 ,3-glucanase transcripts. 

It has previously been proposed that unexpected production of antisense 
RNA from a converging promoter, either within or near the inserted T-DNA, would 
be responsible for the downregulation of sense RNA production by the trans
genes (GRIERSON et al. 1991). If this were the case for ~-1 ,3-glucanase gene 
silencing, an external plant promoter should transcribe the Pnos-nptll chimeric 
gene present downstream of the P35S-gn 1 gene in antisense orientation, unless 
internal promoter sequences located in the Pnos promoter were to generate 
antisense gn 1 RNA molecules. However, we could not detect antisense gn 1 
transcription in the nuclei of suppressed homozygous T17 plants, suggesting that 
an antisense-like mechanism is not involved in this silencing event. 

Furthermore, analyses of nuclear RNA revealed that mature and polyadeny
lated gn 1 mRNA is produced in the nucleus of homozygous plants, suggesting 
that the post-transcriptional control of gene silencing operates mainly at RNA 
transport or RNA stability levels. 

2.6 ~-1,3-Glucanase Gene Silencing Is Not Restricted to T17 

To test whether gnl silencing could be reproduced in plants other than T17, 
additional transformants containing the P35S-gn 1 gene were generated. The 
same T-DNA was used as before, except that the nptll marker gene was replaced 
by the hygromycin resistance (hpt) gene. Among 12 independent RO trans-
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formants examined, plants 51 and 511, which contained multiple T-DNA copies, 
showed suppression of the gn 1 and the endogenous ~-1 ,3-glucanase genes. This 
result demonstrates that ~-1 ,3-glucanase gene silencing is a reproducible phe
nomenon that is not restricted to T17. Furthermore, the fact that co-suppression 
is seen in primary transformants shows that interaction between allelic copies is 
not required. However, on the basis of the lines analysed, we cannot establish a 
relation between copy number and suppression. 

To evaluate whether suppression could be achieved by combining different 
loci derived from highly expressing plants, the two RO plants 58 and S9 which 
carry two and three T-DNA loci, respectively, were crossed with homozygous T17 
plants. In the hygromycin-resistant progeny, all plants should contain the T17 
locus in a hemizygous state together with one to several of the loci provided by 
either the 58 or 59 parents. The T17 hemizygous locus should show a normal gn 1 
mRNA level unless the interaction with loci from S8 or S9 plants were to cause 
silencing. 

Five out of 11 plants examined from the cross between S9 and homozygous 
T17 showed the silenced phenotype. In these plants gn 1 silencing correlated with 
the presence of the S9.1 locus, which contains two transgenes. The remaining six 
plants expressing gn 1 carried either the S9.2 locus (one transgene), the S9.3 
locus (one transgene) or both the 59.2 and S9.3 loci. Importantly, suppressed 
plants containing the T17 and the 59.1 locus and non-suppressed plants contain
ing the T17 and the 59.2 and S9.3 loci had a similar number of transgenes. This 
implies that gn 1 suppression is activated by the combination of certain loci, i.e. 
T17 and S9.1, rather than by the absolute number of transgene copies. 

In the progeny of the cross between S8 and homozygous T17, the presence 
of the S8.1 locus, which contains two transgenes, correlated in seven out of 13 
cases with a silenced phenotype. However, one plant carrying the S8.1 locus 
displayed a just slightly reduced gn 1 mRNA level. Plants containing only the 58.2 
locus (one transgene) showed either a high (3 out of 13) or a suppressed (2 out of 
13) level of gn 1 mRNA. Thus in this case, no strong correlation can be established 
between silencing and the presence of specific loci. This may suggest that 
physiological conditions may affect the commitment of a locus to silence. The 
silencing competence may be determined by the position of integration in the 
plant genome or the spatial localization in the nucleus. 

3 Discussion 

3.1 Transgene Requirement 

We have shown that introduction of a chimeric N. p/umbaginifo/ia ~-1 ,3-glucanase 
gene (gn 1) in N. tabacum can result in silencing of both the transgene and 
endogenous homologous ~-1 ,3-glucanase genes. This phenomenon has been 
extensively characterized in the T17 plant line, where co-suppression of ~-1 ,3-
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glucanase genes is strictly associated with plants homozygous for the T-ONA 
locus. However, by studying haploid tobacco T17 plants we found that this 
silencing phenomenon does not require allelic interactions between T-ONA 
copies, but is rather correlated with the transgene dose in the plant genome. In 
this context it should be noted that co-suppression of chitinase genes was only 
described in plants homozygous for the transgene locus (HART et al. 1992). In 
other silencing events, homozygosity at the suppressed loci has been correlated 
with enhanced suppression effects (ELKIND et al. 1990; ANGENENT et al. 1993; 
BRUSSLAN et al. 1993; MATZKE et al. 1993). Thus, some of these cases may be due 
to gene dose effects, as is also shown in our work. 

In a second series of transformants, ~-1 ,3-glucanase gene silencing was 
observed in two new primary transformants (S1 and S11) as well as in the 
progeny of S8 and S9 plants that were crossed with homozygous T17 plants. 
These results revealed that this suppression phenomenon was not restricted to 
the T17line. Furthermore, the results confirmed that the homozygous state of the 
transgene is not an absolute requirement for silencing, since it also can be 
obtained in plants containing non-allelic T-ONA loci. Thus, suppression in homozy
gous T17 plants is likely to occur as a consequence of having increased amounts 
of transgene copies or levels of transgene expression relative to hemizygous 
plants. However, increased transgene copy number alone is not sufficient to 
activate silencing since the S4 primary transformant with a similar T-ONA copy 
number to S1 and S11 suppressed plants expresses the gn 1 gene. These 
observations indicate the existence of loci with different ability to promote 
silencing. 

It appeared that the T17 locus in a hemizygous state can mediate gene 
silencing only when combined with specific S9 loci, independently of the T-ONA 
copy number. Similarly, HOBBS et al. (1993) have reported that silencing of a 
chimeric gus gene in tobacco does not correlate with increased copy number. 
Instead, the authors demonstrated that the T-ONA configuration of specific loci 
containing two linked copies was associated with reduced gene activity. How
ever, transgene configuration is clearly not an absolute requirement since in a few 
cases suppression has been obtained with plants containing single-copy trans
genes (VAN DER KROL et al. 1990; SEYMOUR et al. 1993). In this respect, the 
transgenic plants showing ~-1 ,3-glucanase gene silencing always contained at 
least one locus with multiple transgene copies. This suggests that transgene 
configuration may be important for ~-1 ,3-glucanase gene suppression. 

Alternatively, the positions of the T17 and different S9 loci relative to each 
other in the nucleus may explain the variability in silencing, as proposed by 
JORGENSEN (1991). In this view, the transgene loci able to generate suppression, 
such as T17, S1, S11 and S9.1, as well as the endogenous homologous ~-1 ,3-
glucanase genes, should be localized in compatible nuclear domains. This would 
imply that plants containing the T17 locus and the S9.2 and S9.3 loci are not 
suppressed because these S9 loci are located in nuclear domains incompatible 
with the T17 and endogenous genes. However, this model cannot directly explain 
why the S9.2 and S9.3 loci are silenced when the T17 and the S9.1 loci are also 
present in the plants, unless the initiation of silencing is triggered in limited areas 
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of the nucleus and then the mechanism itself affects other homologous gene 
sequences at other nuclear positions. 

Another possibility is that the level or constitutive character of expression of 
individual loci is a major determinant of silencing. In such a scenario, the 
transgene configuration as well as the position of T-DNA integration in the 
genome would be indirectly involved in gene silencing by dictating the uniformity 
and amount of gene activity for each loci. Then, the dose-dependent ~-1 ,3-
glucanase suppression would be activated as a consequence of a (combined) 
high level of expression produced by specific transgene loci in the plants. This 
assumption favours the biochemical switch model proposed to explain silencing 
in plants. This model invokes a mechanism that is sensitive to a certain threshold 
level of gene expression (JORGENSEN 1991). According to this model, the S9.1 
locus should express a higher level of gn 1 than the S9.2 and S9.3 loci, since only 
the S9.1 locus, and not the S9.2 and S9.3 loci, leads to suppression when 
combined with the T17 locus. This hypothesis could be tested by comparing the 
gn 1 expression levels of individual S9.1, S9.2 and S9.3 loci. 

3.2 Homology Requirement 

At present it seems that there are at least two different silencing mechanisms in 
plants, regulated at the transcriptional or post-transcriptional level. Transcriptional 
silencing has been reported for homologous A 1 transgenes (MEYER et al. 1993) as 
well as for chimeric cab transgenes and endogenous genes having sequence 
homology restricted to the promoter and 14 nucleotides of the leader (BRUSSLAN 

et al. 1993). In contrast, post-transcriptional silencing has been reported for genes 
where the regions of homology are at the coding region (MOL et al. 1991; LINDBO 

et al. 1993; this work). Analysis of an additional number of silencing cases is 
necessary to elucidate whether a correlation exists between the type of silencing 
control (transcriptional or post-transcriptional) and the location of the homologous 
regions on the suppressed genes (promoter or coding region homology). 

The suppression of ~-1 ,3-glucanase genes in tobacco is directed specifically 
to class I ~-1 ,3-glucanase genes, members of the same group of basic isoforms, 
located in the plant cell vacuoles. This selective suppression is most likely due to 
the higher degree of sequence identity that exists between gn 1 and class I genes 
(",,82%) than between gnI and class II and III members (",,63%). Similarly, 
Angenent et al. (1993, 1994) reported that the petunia homeotic genes fbpI and 
fbp2 can only suppress their homo logs and other very homologous genes, while 
members with about 30% sequence divergence are not affected. 

We looked for sequence homology common to the coding regions of gn 1 and 
basic ~-1 ,3-glucanase which was absent in the coding region of acidic ~-1 ,3-
glucanases. On average, regions of mismatching between them are not larger 
than 9 bp, except for the 3' part of the coding region, which shows a divergence 
of ",,50-70 bp. Thus the specificity of this co-suppression should require sequence 
information present in short sequences common to the transcripts of the gn 1 and 
class I basic ~-1 ,3-glucanase genes and absent in the acidic counterparts. In this 
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respect, it would be interesting to perform a genetic deletion analysis to identify 
the region(s) important for class I ~-1 ,3-glucanase gene silencing. 

Several reports have demonstrated that the introduction of truncated genes 
in plants can also lead to silencing, even though the corresponding proteins are 
not produced. These results, obtained with plant, bacterial or viral genes (SMITH 
et al. 1990; GORING et al. 1991; LINDBO et al. 1993)' suggest that in general the 
transgene proteins are not important for the generation of silencing. In contrast, 
ELKIND et al. (1990) proposed that the protein produced by a paltransgene may be 
involved in the induction of silencing of the endogenous pal gene in tobacco. It 
is possible that in some cases the protein produced by the transgene would 
generate the signals required to activate gene silencing, and a common silencing 
mechanism would then operate for different genes. At present we have no 
evidence suggesting that the gn 1 ~-1 ,3-glucanase protein is important for gene 
silencing. The analysis of plants encoding truncated GN1 could address this point. 

3.3 ~-1,3-Glucanase Gene Silencing: Possible Mechanisms 

Several parameters were identified that are important for co-suppression of 
~-1 ,3-glucanase genes in tobacco. Silencing depends on the transgene dosage, 
but only of specific loci which are competent to promote silencing. We believe 
that this competence to silence depends mainly on the levels and continuity of 
expression of specific loci. However, T-DNA configuration and position of integra
tion may also influence this competence. Furthermore, silencing is erased during 
reproduction and is again established at a certain stage of development. It is still 
not known which are the developmental signals that switch on the silencing 
mechanism, but once silencing is settled, it is maintained. This suggests that 
maintenance of silencing requires a constant process, signal or imprint. Since ~-
1 ,3-glucanase silencing appears to be a post-transcriptionally regulated process, 
maintenance of silencing could rely on the constant transcription rate of the 
affected genes in the cell nuclei. For all models it will be crucial to explain why 
spliced, polyadenylated gn 1 mRNA accumulates in the nucleus of homozygous 
T17 plants. This observation suggests that the absence of a significant cytoplas
mic steady-state level of gn 1 mRNA in the suppressed plant cells is due to either 
a block of gn 1 mRNA transport from the nucleus to the cytoplasm or an increased 
turnover of transported transcripts. 

Transport of mRNA from the nucleus to the cytoplasm involves RNA-protein 
complexes. Furthermore, transport of different classes of RNA is mediated by 
specific protein factors. These processes are energy requiring and saturable 
by increased concentrations of different RNAs (DARGEMONT and KUHN 1992; 
JARMOLOWSKI et al. 1994). It can be envisaged that gn 1 mRNA accumulating in the 
nucleus may be the triggering event that blocks its own transport. Thus, a protein 
factor that is essential for export of the class I ~-1 ,3-glucanase mRNAs may be 
saturable, or become titrated, resulting in strongly reduced transport of these 
transcripts. RNA binding proteins can show different binding affinities to different 
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RNA sequences (BURD and DREYFUSS 1994). The developmental control of gene 
silencing could then be a mere consequence of a permanent shortage of this 
transport protein. Such a shortage could result from decreased production of the 
transport protein or from the appearance of an mRNA with higher affinity to it. The 
constant level of gn 1 transcript production would, under such conditions, result in 
a maintenance of silencing. Alternatively, a similar dose-dependent control could 
be operating at the cytoplasmic level, but in this case the saturable protein factor 
would have a stabilization rather than a transport function. 

It is possible that the ~-1 ,3-glucanase suppression also operates in a way 
similar to that proposed by LINDBO et al. (1993). These authors found that a viral 
coat protein transgene RNA is suppressed in transgenic tobacco upon viral 
infection. They proposed that the signal for activation of silencing is cytoplasmic 
since the virus is located in the cytoplasm. Thus, a protein factor would bind to the 
RNA molecules, rendering them unstable. It still needs to be determined which 
protein is involved and which signal initiates recognition of the RNA only at a 
certain moment. 

It should be stressed that the models proposed above aim to explain 
the specific suppression of homologous gn 1 and endogenous ~-1 ,3-glucanase 
genes. Similar control mechanisms could be envisaged for other post-transcrip
tional cases of gene silencing. However, one has to assume that for each gene, 
specific interactions with protein factor(s) would be required for silencing to 
occur. Such precise control could explain the high degree of specificity that exists 
for each silencing event, since only specific homologous transgenes and endog
enous genes are suppressed. Still, the fact that gene silencing can occur with a 
variety of genes in different plant systems favours a general process. 

The generality of silencing would have to rely on a still unknown gene 
regulation control that can sense the superfluous RNA produced by the silencing
affected genes, leading to specific RNA destruction. Future experiments should 
aim at clarifying whether silencing requires other factors in addition to nucleic 
acids. 
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Multiple copies of transgenes introduced into plant cells can interact with one 
another or with homologous host genes in trans, resulting in the inactivation of 
expression of both genes (reviews: JORGENSEN 1992,1993; MATZKE and MATZKE 
1993). Although the inactive state is usually stable, it is not permanent and does 
not result from readily discernible genetic deletions or rearrangements in DNA 
sequence. This phenomenon is called silencing (JORGENSEN 1992) or co-suppres
sion (NAPOLI et al. 1990). Because co-suppression is most often applied to the 
interaction of transgenes with homologous host genes, the more general term 
silencing is used in the discussion which follows. 

Silencing has many features in common with a broad range of phenomena 
such as paramutation (review: BRINK 1973), variation in transposon activity 
(FEDOROFF et al. 1989)' and tumor suppression (review: MEINS 1989a) in seed 
plants; X-chromosome inactivation and genomic imprinting in mammals (review: 
SURANI 1991); and repeat-induced point mutation (RIP) (review: SELKER 1990), and 
methylation-induced postmeiotically (MIP) (RHOUNIM et al. 1992) in fungi. Silencing 
and related phenomena are of particular interest because they pose the funda-
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mental biological problem of how cells recognize genes with the same or similar 
sequences in trans. Silencing is also of considerable practical importance. It bears 
directly on the interpretation of experiments with transgenes aimed at studying 
gene function and regulation. Moreover, applications of transgene technology for 
crop improvement depends on being able to control silencing to ensure reliable 
expression of transgenes under field conditions. 

The aim of this paper is to review the salient features of transgene silencing 
and then to propose a heuristic model which can account for many features of 
silencing involving the interaction of transcribed regions of genes. 

2 Properties of Transgene Silencing 

Silencing of genes in transgenic plants is a general phenomenon. It has been 
reported for several plant species transformed with a variety of different chimeric 
genes (reviews: JORGENSEN 1992,1993; MATZKE and MATZKE 1993). Silencing may 
also be the basis for tumor suppression, i.e., the stable, reversible inactivation of 
genes with oncogenic functions in crown-gall disease (MEINS 1989a; AMASINO and 
JOHN 1989; VAN SLOGTEREN et al. 1984), and somatic reversion of the hairy-root 
syndrome in plants transformed with the Ri-plasmid of Agrobacterium rhizogenes 
(SINKAR et al. 1988). Silencing in the few experimental systems studied in detail 
has several common features: 

1. Inactivation of gene expression is sequence specific, i.e., the inactivated 
genes have regions with the same or a very similar sequence (VAN DER KROL 
et al. 1990; SMITH et al. 1990; GORING et al. 1991; ASSAAD et al. 1993; MEINS and 
KUNZ 1994). 

2. Inactivation results from a variable but substantial decrease in steady state 
levels of mRNA (NAPOLI et al. 1990; VAN DER KROL et al. 1990; SMITH et al. 1990; 
MITIELSTEN SCHEID et al. 1991; HART et al. 1992; DE CARVALHO et al. 1992; DORLHAC 
DE BORNE et al. 1994). 

3. Silencing is often a stochastic event: only some plants in a population derived 
from the same transformation event show the silent phenotype and variable 
patterns of silencing are sometimes observed in the same plant (NAPOLI et al. 
1990; VAN DER KROL et al. 1990; LINN et al. 1990; MiTIELSTEN SCHEID et al. 1991; 
HART et al. 1992; MEYER et al. 1992; DORLHAC DE BORNE et al. 1994). 

4. Once established, the silent state shows some degree of stability. It often 
persists for long periods during vegetative growth of the transgenic plant and, 
in some cases, it is transmitted through meiosis (MATZKE et al. 1989; NAPOLI 
et al. 1990; GORING et al. 1991; ASSAAD et al. 1993; HOBBS et al. 1993; LINN et al. 
1990; MITIELSTEN SCHEID et al. 1991; MEINS and KUNZ 1994). 

5. Silencing does not appear to result from permanent genetic modifications. 
Southern blot analyses of genomic DNA from silent plants have shown that 
the transgene is still present and has not undergone conspicuous rearrange-
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ment or deletions (SINKAR et al. 1988; MATZKE et al. 1989; SMITH et al. 1990; LINN 
et al. 1990; HOBBS et al. 1990; MinELsTEN SCHEID et al. 1991; HART et al. 1992; 
ASSAAD et al. 1993; DORLHAC DE BORNE et al. 1994; DEHIo and SCHELL 1994). 
Moreover, silent genes can undergo spontaneous as well as developmentally 
regulated reactivation (NAPOLI et al. 1990; MinELsTEN SCHEID et al. 1991; HART 
et al. 1992; DE CARVALHO et al. 1992; MEYER et al. 1993; DORLHAC DE BORNE et al. 
1994). 

2.1 Sequence Specificity 

Trans-inactivation of gene pairs requires some degree of sequence homology in 
the partners. Thus, even for host genes showing similar regulation such as the 
chalcone synthase gene (CHS) and the dihydroflavanol-4-reductase gene (DFR) in 
petunia as well as class I chitinase gene (CHN) and class I ~-1 ,3-glucanase gene 
(GLU) in tobacco, introduction of the coding sequences driven by the same 
cauliflower mosaic virus (CaMV) 35S RNA promoter (P35S) results in the specific 
silencing of only the homologous host-transgene pair (VAN DER KROL et al. 1990; 
MEINS and KUNZ 1994). In cases where silencing involves multiple copies of the 
same transgene, the regions required for inactivation have not been identified. In 
other cases, it is clear that silencing can result from both promoter-promoter 
interactions and interactions between transcribed sequences. VAUCHERET (1993) 
has reported a striking example of promoter-dependent silencing. He trans
formed tobacco with T-DNA containing a neomycin phosphotransferase II gene 
(NPTII) regulated by the CaMV 19S RNA promoter (P19S) and terminator and a 
tobacco nitrite reductase gene (NIR) in reverse orientation with a double CaMV 
35S RNA promoter (P35S-35S) and nopaline synthase gene (NOS) terminator. 
When a transformant containing this construct, which showed a Kanamycin
sensitive nitrite reductase-deficient phenotype, was crossed with tobacco plants 
containing a variety of different transgenes, only chimeric genes driven by P19S 
and P35S were inactivated, indicating that the silencing required the interaction of 
homologous promoter sequences. Of particular interest was the finding that only 
92 bp of identical sequence was sufficient to block expression of the transgene 
pairs. 

Related phenomena may be the complex interactions reported for doubly 
transformed tobacco plants by MATZKE and MATZKE and their collaborators (MATZKE 
et al. 1989, 1993; MATZKE and MATZKE 1991,1993). They transformed tobacco 
plants sequentially with two different T-DNAs. The first T-DNA (T-DNA I) con
tained NPTII and NOS with NOS expression signals. The second T-DNA (T-DNA 
II) contained the hygromycin B transferase gene (HPT) driven by CaMV 35S RNA 
expression signals and the octopine synthase (OCS) gene driven by the NOS 
promoter. Expression of NPTII and NOS was blocked in a stable but reversible 
fashion provided T-DNA II was present in the same genome. In this case silencing 
was unidirectional, i.e., genes driven by PNOS in T-DNA I but not in T-DNA II were 
affected. 



108 F. Meins Jr. and C. Kunz 

Examples of interaction between homologous transcribed sequences in
clude silencing of PNOS-NOS and a truncated NOS (~NOS) driven by the 35S 
promoter introduced sequentially into tobacco (GDRING et al. 1991); silencing of 
multiple copies of P35-p-glucuronidase (GUS) in tobacco (HOBBS et al. 1990, 
1993); silencing of P35S-NI~obacco and the host NIA in tobacco (DORLHAC DE BORNE 
et al. 1994); silencing of a truncated tomato polygalacturonidase gene (~PG) 
regulated by the 35S promoter and the host PG in tomato (SMITH et al. 1990); 
silencing of CHSpetunla and DFRpetunla genes regulated by the 35S promoter and their 
respective host genes in petunia (NAPOLI et al. 1990; VAN DER KROL et al. 1990); and 
silencing of CHNtobacco and GLUtobacco genes regulated by the 35S promoter and 
their respective host genes in Nicotiana sylvestris (NEUHAUS et al. 1991; HART et al. 
1992; MEINS and KUNZ 1994). 

The minimum length of identical transcribed sequence required for silencing 
has not been established. What is clear is that silencing can result from interac
tions of full-length transcribed sequences with 3' truncated coding sequences 
(SMITH et al. 1990; GORING et al. 1991), with intron-Iess cDNAs, and with tran
scribed sequences missing either 3'-, 5'-, or both untranslated regions (VAN DER 
KROL et al. 1990; HART et al. 1992; DORLHAC DE BORNE et al. 1994). Taken together, 
these results indicate that continuous similarity along the full length of transcribed 
sequence is not required for silencing. 

Both the transgene and homologous host genes are silenced in P35S
CHSpetunia and P35S-DFRpetunia transformants of petunia as well as in P35S
CHNtobacco and P35S-GLUtobacco transformants of N. sylvestris (NAPOLI et al. 1990; 
VAN DER KROL et al. 1990; MEINS and KUNZ 1994). However, sequence homology is 
not sufficient for silencing of a particular gene in a plant showing a silent 
phenotype. Thus, the homologous host gene is not silenced in P35S
GLUplUmbaglnlfOlia transformants of tobacco (DE CARVALHO et al. 1992) and the host 
phenylalanine ammonium lyase genes (PAL) but not the P35S-PALbean transgene 
are silenced in tobacco transformants (ELKIND et al. 1990). Similar variation has 
been reported for promoter-specific silencing. All genes driven by the 19S and 
35S promoter and silenced by the P35S-35S-NIRtobacco transgene in tobacco 
(VAUCHERET 1993), while only the PNOS-driven transgenes in T-DNA I are silenced 
in double transformants of tobacco (MATZKE et al. 1989). 

2.2 Gene Copy Number Effects 

In several cases the incidence of silencing was found to increase with copy 
number (LINN et al. 1990; MITIELSTEN SCHEID et al. 1991; KUDO 1992; HOBBS et al. 
1990,1993). In other cases, no definite relationship between copy number and 
incidence of silencing was observed (NAPOLI et al. 1990; VAN DER KROL et al. 1990; 
DORLHAC DE BORNE et al. 1994; HARTet al. 1992). The requirement for homozygosity 
at the transgene locus described for certain types of silencing may also be a gene 
copy effect. P35S-CHNtobacco and P35-P-1 ,3-glucanasetobacco transformants of N. 
sylvestris (HART et al. 1992; MEINS and KUNZ 1994), P35S-P-1 ,3-glucanasepIUmbaglnlfOlla 
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(DE CARVALHO et al. 1992) and P35S-NIA,obacco (DORLHAC DE BORNE et al. 1994) 
transformants of tobacco, and P35S-roIB transformants of Arabidopsis (DEHIo and 
SCHELL 1994) exhibit a high incidence of silencing when the plants are homozy
gous. Progeny obtained from crosses of these plants with wild-type plants show 
the high-expressing phenotype or a greatly reduced incidence of silencing. It is of 
interest that haploid plants regenerated from developing pollen from high-ex
pressing P35S-~-1 ,3-glucanasepIUmbaglnlfOha transformants show the silent pheno
type. This indicates that the silent state is not recessive and that this form of 
silencing does not depend on allelic interactions of T-DNA at the same locus (DE 
CARVALHO et al. 1992). 

2.3 Heritability 

Meiotic transmission of the silent state is variable. Silencing that depends on 
homozygosity at the transgene locus is not generally inherited in sexual crosses 
(HART et al. 1992; DE CARVALHO et al. 1992; DORLHAC DE BORNE et al. 1994). In most 
other cases, the silent state shows some degree of transmission in sexual 
crosses and appears to be inherited as a dominant trait (JORGENSEN 1993). The 
pattern of inheritance is often complex and consistent with the hypothesis that 
the silent phenotype is somewhat unstable in the hemizygous state. Thus, in 
crosses of a silent, homozygous line of P35S-DFRmalze petunia transformants, 
which has pure white flowers, with the parent DFR-deficient line, which also has 
pure white flowers, ",2% of the progeny have flowers with red variegation (MEYER 
et al. 1993). Reactivation of silent host and/or transgenes has been reported in 
backcrosses to wild type of P35S-HPT transformants of Arabidopsis (MrnELsTEN 
SCHEILD et al. 1991), P35S-CHSpetunla transformants of petunia (NAPOLI et al. 1990), 
and P35-35S-N I Rtobacco transformants of tobacco (DORLHAC DE BORNE et al. 1994). 
There is also evidence that in plants showing silencing, different alleles at the 
transgene locus can interact, resulting in a heritable change in state (MEYER et al. 
1993). These phenomena show properties reminiscent of paramutation (review: 
BRINK 1973). 

2.4 Somatic Stability 

Once established, the silent state tends to persist in vegetatively growing plants. 
Nevertheless, individual plants can show spatial patterns of silencing. This is 
particularly conspicuous for CHS- and DFR-silencing, which generates deficien
cies in flower pigmentation. For example, in P35S-DFRmalze transformants of DFR
deficient petunia a significant fraction of plants hemizygous for the transgene and 
derived from the same primary transformant showed pale or variegated patterns 
of flower coloration under field conditions (MEYER et al. 1992). Some of the plants 
successively formed pure red, variegated, and white flowers. Similar findings 
have been reported for hemizygous P35S-CHSpetunla transformants of petunia 
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(NAPOLI et al. 1990). A plant with exclusively pure-white flowers was found that 
gave rise to a side branch with exclusively pure-purple, i.e., wild-type, flowers. 
Both states of pigmentation persisted in vegetative cuttings. 

Spatial patterns of silencing have also been reported for P35S-CHN,obacco 
transformants of N. sylvestris homozygous for the transgene. Most silent 
plants-",80%-showed a uniform pattern of silencing in different leaves of the 
same plant. The remaining plants showed a variable pattern in which chitinase 
content abruptly changed between adjacent leaves (HART et al. 1992). When 
plants were decapitated to promote growth of lateral shoots, the leaves that 
formed on these shoots continued to express the state of chitinase expression of 
the adjacent leaf on the parent plant (MEINS and KUNZ 1994). 

Taken together, the results indicate that transgenic plants can exhibit stable 
"on" and" off" states of expression resulting in spatially uniform patterns as well 
as metastable or "variable" states resulting in variegation. In principle, these 
states could arise from epigenetic changes, i.e., mitotically transmitted, revers
ible alterations in phenotype, or from self-perpetuating changes at the supracellu
lar level due to cell-cell interactions or gradients of diffusible factors (MEINS 1983, 
1986). The diagnostic feature of mitotically transmitted changes is that they 
generate clonal patterns of variegation. The few examples studied in detail favor 
a supracellular mechanism: the patterns of floral pigmentation generated by CHS 
silencing in petunia do not appear to be clonal as expected for cell-heritable 
variation (NAPOLI et al. 1990; VAN DER KROL et al. 1990) and the patterns of P35S
CHN silencing in leaves of N. sylvestris do not coincide with the cell lineage for 
leaf formation (HART et al. 1992). A more rigorous test for this hypothesis would be 
to assay numerous cloned lines derived from silent and high-expression tissues 
for stable expression of the two phenotypes. 

2.5 Developmental and Environmental Regulation 

In some cases, silencing is developmentally regulated. This is particularly striking 
when the silent state is not transmitted in sexual crosses and depends on 
homozygosity at the transgene locus. Seed of homozygous P35S-CHN,obacco 
transformants of N. sylvestris invariably exhibit a high-chitinase phenotype inde
pendent of the state of chitinase expression in leaves and floral organs of the 
parent plants (HART et al. 1992; MEINS and KUNZ 1994). Young seedlings raised 
under conditions that promote silencing also exhibit a high-chitinase phenotype. 
Roughly 1 0 weeks post-germination, however, "'25%-70% of the seedlings shift 
to the silent phenotype. These results show that chitinase-gene silencing is a 
stochastic process and that competence for silencing is established during a 
phenocritical period in seedling growth. In contrast, resetting to the high-chitinase 
state is not stochastic and sometimes occurs during flower development. Similar 
patterns of developmental regulation have been described for silencing of P35S
~-1 ,3-glucanasep'UmbaglOifO,ia and P35S-N IA,obacco transgenes in tobacco (DE CARVALHO 
et al. 1992; DORLHAC DE BORNE et al. 1994), and the P35S-roIB transgene in 
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Arabidopsis (DEHIo and SCHELL 1994). Developmental regulation of silencing has 
also been reported for tomatoes hemizygous for the P35S-~PG transgene (SMITH 
et al. 1990). In ripe fruit, where the homologous host PG is normally expressed, 
expression of both the host gene and the transgene is markedly reduced. In 
unripe fruit, where the host gene is not expressed, expression of the transgene is 
not inhibited. This suggests that expression of the host gene is required for 
silencing and that developmental regulation results from a prepattern of PG 
expression. 

The incidence of silencing often depends on environmental factors. Silencing 
of the P35S-CHSpetunla transgene in petunia appears to require high light intensity 
(VAN DER KROL et al. 1990). The incidence of P35S-DFRmaize silencing is strikingly 
higher in field-grown plants than in greenhouse-growth plants and depends on 
both plant age and the age of the plants used as a source of seed (MEYER et al. 
1992). Populations of P35S-CHNtobacco transformants of N. sylvestris germinated 
in closed culture vessels, transferred to soil, and then raised to maturity in a 
greenhouse show a high incidence of silencing (HART et al. 1992). When seeds are 
germinated in a greenhouse in open vessels containing soil, raised to maturity, 
and assayed, no silencing is observed. The incidence of silencing in P35S
NIAtobacco transformants of tobacco depends on the conditions of germination in 
the greenhouse and age of the plants in the field (DORLHAC DE BORNE et al. 1994). 

2.6 The Site of Silencing in Gene Expression 

Silencing could act at anyone of the steps in gene expression, including 
transcription, stabilization or degradation of transcripts, translation, post-transla
tional modification, protein turnover, and modulation of enzyme activity. The fact 
that inhibition of gene expression is associated with a dramatic decrease in 
mRNA accumulation suggests that the primary lesion is in mRNA metabolism 
(NAPOLI et al. 1990; VAN DER KROL et al. 1990; SMITH et al. 1990; MinELsTEN SCHEID 
et al. 1991; HART et al. 1992; DE CARVALHO et al. 1992; DORLHAC DE BORNE et al. 1994). 
Several studies favor a transcriptional site of silencing. Methylation of cytosines 
in the promoter region is known to inhibit transcription of plant genes and has 
been proposed as a mechanism for silencing (MATZKE et al. 1989; LINN et al. 1990). 
This view is supported by examples in which the degree and incidence of 
silencing is roughly correlated with methylation of the transgene (MATZKE et al. 
1989;LINNetaI.1990;MEYERetaI.1992, 1993; HOBBsetal. 1990, 1993;VAUCHERET 
1993). Moreover, it was found that reactivation of silent transgenes is accompa
nied by decreased methylation of the gene (MEYER et al. 1993). Runoff transcrip
tion studies have shown that silencing of the P35S-DFRmalZe transgene in petunia, 
which is correlated with methylation at a particular site in the 35S promoter, 
results from a block in transcription (MEYER et al. 1993). Blocks in transcription 
might also result from methylation of transcribed sequences. Recent studies with 
Ascobulus have shown that segments of methylated DNA in a transcriptionally 
active gene can generate truncated transcripts that appear to end at a position 
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corresponding to the 5' end of the methylated region (BARRY et al. 1993). This 
provides a plausible explanation for the observation that low levels of short PG 
transcripts accumulate in ripe of P35S-~PGtomato transformants of tomato showing 
silencing (SMITH et al. 1990). 

There are examples in which no obvious correlation between methylation of 
the gene and silencing was found (GORING et al. 1991; MITIELSTEN SCHEID et al. 
1991; HART et al. 1992). The conflicting findings are difficult to interpret because 
reported estimates of DNA methylation are based on comparisons of the 
patterns of DNA digestion obtained with restriction isoschizomers. This experi
mental procedure only detects methylation at a limited number of sites, which 
mayor may not be important for transcription. 

Several lines of evidence favor post-transcriptional sites of silencing. No 
decrease or small decreases in runoff transcription were detected in comparisons 
of high-expressing and silent tobacco, petunia, and Arabidopsis plants trans
formed with P35S-P-1,3-glucanasepIUmbaginlfOlia' P35-CHSpetunla' and P35S-roIB, re
spectively (DE CARVALHO et al. 1992; MOL et al. 1994; DEHIo and SCHELL 1994). These 
results support the conclusion that initiation of transcription proceeds at the same 
rate in high-expressing and silent plants. It has also been proposed that silencing 
involves· an antisense RNA mechanism in which complete or even partial anti
sense transcripts of the transgene are produced which in some way promote 
degradation of the sense transcript (SMITH et al. 1990; GRIERSON et al. 1991; MOL 
et al. 1991,1994). Indirect evidence for this hypothesis includes the observation 
that antisense-and silent sense-P35S-~PGtomato transformants of tomato accu
mulate a truncated sense transcript of similar size (SMITH et al. 1990); the similarity 
of flower-color patterns in petunia produced by P35S-CHSpetunia silencing and by 
antisense transformation with the same gene (MOL et al. 1991); and the finding of 
low levels of antisense CHS transcripts in sense transformants showing silencing 
(MOL et al. 1991, 1994). 

3 An Autoregulation Model 

Silencing poses several challenging problems: (1) How are genes with the same 
or similar sequences recognized by cells? (2) What is the nature of the trans
acting signal or signals? (3) How is mRNA accumulation blocked? (4) What 
maintains different states of gene expression in a potentially reversible fashion 
resulting in variable expression and variable heritability? (5) How can states with 
a stochastic pattern of expression be environmentally and developmentally 
regulated? Although, at present, there is no direct evidence that the broad range 
of phenomena loosely classified as silencing have the same molecular basis, the 
examples of developmentally regulated inactivation involving transcribed se
quences are sufficiently similar to suggest, as a working hypothesis, that they 
have a common mechanism. 
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Several mechanisms for silencing have been proposed, including DNA 
methylation, production of antisense transcripts, ectopic gene pairing, and chro
matin modification (reviews: JORGENSEN 1993; MOL et al. 1994). None is entirely 
satisfactory. For example, DNA methylation provides an attractive explanation for 
the stability and potential heritability of the inactive state and could account for 
effects on both the initiation and elongation steps of transcription. It does not, 
however, provide a solution to the more general problem of DNA sequence 
recognition and the nature of the trans-acting signal. The major strength of the 
antisense RNA hypothesis is that it provides a plausible explanation for sequence 
recognition and trans-inactivation, but it does not address the problem of how the 
production of antisense transcripts is maintained in a stable, potentially reversible 
fashion. 

For the sake of discussion, we propose an alternative class of mechanisms 
based on the concept of interacting regulatory networks. These mechanisms are 
attractive because they can account for a variety of stable states as well as the 
plasticity of these states in response to developmental and environmental 
influences. The theory behind systems stability has been described in detail 
(MONOD and JACOB 1961; ROSEN 1972; MEINS 1989b; JABLONKA et al. 1992). In brief, 
the basic idea is that certain systems of chemical reactions and regulatory 
networks can exist in alternative, stable steady states. These states most 
commonly arise as a result of positive autoregulation, i.e., positive feedback loops 
in which an effector molecule either triggers its own synthesis or inhibits its own 
degradation. The stability and variety of phenotypes would depend on the kinetic 
parameters of the regulatory systems and, hence, ultimately on the genetic 
constitution of the cells. Thus, in principle, genetically identical cells or groups of 
cells can exhibit different stable states depending on their history. 

There is strong evidence that positive autoregulation in which cell division
promoting factors induce their own synthesis can account for cytokinin habitua
tion, a type of epigenetic change that occurs in cultured plant cells (MEINS and 
BINNS 1978; MEINS 1989b). Positive autoregulation has also been implicated in the 
stable, transcriptional regulation of flowering by MADS-box DNA binding proteins 
in Antirrhinum (SCHWARZ-SOMMER et al. 1992; HALFTER et al. 1994) and in the 
regulation of alternative states of the Spm transposable element in maize 
(FEDOROFF et al. 1989). The heuristic model we propose, which is similar to the one 
suggested by JABLONKA et al. (1992) for transcriptional regulation, is a modification 
of the model for cytokinin habituation (MEINS 1989b; MEINS and KUNZ 1994). 
It is limited to those forms of silencing resulting from the interaction of tran
scribed sequences. The model is based on three assumptions: (1) Expression of 
target genes with the potential of silencing is autoregulated in a sequence
specific fashion. (2) Transcription of the target gene(s) directly or indirectly results 
in the production of a diffusible activator of gene expression, which is degra
ded in a first-order process. (3) The activator interacts directly with transcribed 
sequences or with the transcript to increase steady state mRNA levels. The 
exact pathways of activator production and activator action are not specified in 
the model. Thus, for example, transcription of the target gene could result in 
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signals that trigger expression of a second gene which then produces the 
activator. 

As a concrete example, consider silencing of the P35S-CHNtobacco transgene 
and the homologous host gene in N. sylvestris, which is developmentally regulat
ed and not transmitted meiotically (HART et al. 1992). We propose that the coding 
region of chitinase genes binds a regulatory protein and that production of 
complete chitinase transcripts requires formation of a complex between this 
protein and the activator (Fig. 1 a). Because activator production depends on 
transcription of both the host gene and the transgene, a positive autoregulatory 
loop is generated, which can exist in alternative kinetic states. Thus, the rate of 
activator synthesis will be a sigmoidal function of activator concentration (Fig. 1 b). 
For purposes of illustration, the host gene is assumed to be less strongly 
expressed than the transgene, but with a higher affinity for the activator (Xl) than 
the transgene (X2). Because degradation of the activator is first order, the rate of 
activator degradation will be directly proportional to activator concentration. 
Finally, because formation of the activator and chitinase mRNA is linked, the rates 
of chitinase mRNA and activator production from each gene will be proportional. 

The net rate of activator accumulation is zero at points where the synthesis 
and degradation curves intersect. These points specify steady-state concentra
tions of activator. Where and how often the two curves intersect depend on the 
kinetic parameters of the system. The graph in Fig. 1 b illustrates a case in which 
the curves intersect at five points. Three of the points specify stable states: host 
gene and transgene both" on," host gene" on" and transgene "off," and host 
gene and transgene both" off," which correspond to activator concentrations C3, 
C2, and Cl, respectively. The three states are separated by two unstable steady 
states which occur at the concentrations Xl and X2. A more intuitive description 
of the predicted steady states is provided by the stability diagram shown at the 
bottom of Fig. 1 b. In this representation, the three stable states are at the bottom 
of "valleys" and the unstable states are at the tops of "hills" (MEINS 1989b). 

This heuristic model can account for several important features of chitinase 
gene silencing, namely, sequence recognition and coding sequence specificity, 
which depend on the nature of the regulatory protein; trans-inactivation of 
multiple target genes, which results from the interaction of the protein with a 
diffusible activator; and, alternative, stable high chitinase and silent states, which 
result from the kinetic structure of regulatory system. 

The model also provides a plausible explanation for stochastic and determin
istic switching between states. Suppose that there is a momentary increase in 
the rate at which the activator is degraded such that the degradation and 
synthesis curves now intersect to give two rather than three stable states, 
namely, the silent host gene and transgene "off" state and the host-gene "on," 
transgene "off" state (Fig. 2). This could result from developmental regulation 
during the phenocritical period when silencing is triggered or from environmental 
perturbations. If the cells are initially in the high chitinase state, then when the 
degradation rate increases they will shift to the host gene" on," transgene "off" 
state. When the rate of degradation is reduced to the original level, the system 
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Fig. 1 a, b. A heuristic positive autoregulation model for chitinase silencing. a Positive autoregulation of 
a diffusible factor which activates chitinase gene expression by interacting with coding sequence
specific regulatory proteins to alter the rate at which complete, functional chitinase transcripts are 
produced. Shaded boxes: 5' DNA sequences regulating transcription of N. sylvestris (PCHN) and 
transgene (P35S) chitinases. b A kinetic representation of the model showing the stability of the 
different steady states. The concentrations at which stable states (Cl, C2 and C3) and unstable states 
(Xl and X2) occur are indicated. (Redrawn from MEINS and KUNZ 1994) 
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Fig. 2. A thought experiment illustrating how a momentary increase in the rate of activator degradation 
in response to developmental or environmental signals can result in stochastic resetting. The vertical 
arrows and solid circles indicate the states occupied by the system. (Redrawn from MEINS and KUNZ 
1994) 

will remain in this state. Inspection of the stability diagram shows that this stable 
state corresponds to a shallow plateau. Thus, small perturbations could, in 
principle, shift the system to either of the more stable high-expressing and silent 
states. In other words, depending upon the kinetic parameters, resetting of states 
could occur in a stochastic manner, even when the resetting process is initiated 
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by a programmed, developmental event. Moreover, because resetting does not 
involve changes in the regulatory structure of the system, shifts between silent 
and high-expressing states should be fully reversible. 

4 Concluding Remarks 

The mechanism for silencing is not known. We suggest that autoregulation 
models are a useful metaphor for silencing dependent on transcribed regions of 
genes. These models are attractive for several reasons. First, they provide an 
explanation for stable, potentially reversible, developmental switching at the 
supragenetic level in response to diverse developmental and environmental 
signals. Second, they are sufficiently flexible to account for states stable at the 
supracellular level that are not cionally transmitted, for mitotically transmitted 
epigenetic changes, and for meiotically transmitted epimutations. Third, they do 
not specify a specific molecular mechanism. Positive autoregulation could in
volve transcription, as we assumed, or act at various post-transcriptional levels of 
regulation. Finally, they emphasize the belief that silencing is not unique to the 
interactions among transgenes. In principle, autoregulatory loops of the type 
proposed could provide a more general mechanism for stable, reversible changes 
important in organ determination (MEINS 1988), photoperiodism (LANG 1965)' and 
phase change (BRINK 1962). 

The specific model described for chitinase gene silencing is not totally 
unrealistic; several components of the model have already been described in 
plants. There is good evidence for positive autoregulation of hormone production 
and in the transcription of genes encoding DNA binding protein (MEINS 1989c; 
SCHWARZ-SOMMER et al. 1992; HALFTER et al. 1994). Transcribed sequences such as 
introns, the protein coding region, and the 3' untranslated region contain ele
ments known to affect steady state accumulation of plant mRNAs (CALLIS et al. 
1987; DOUGLAS et al. 1991; AN et al. 1989; DEAN et al. 1989). This model also leads 
to specific predictions amenable to experimental verification. For example, there 
should be coding sequence-specific regulation of chitinase genes, which could be 
tested by examining the pattern of chitinase gene expression driven by constitu
tive expression signals. At the systems level, specific patterns of resetting should 
occur when the rate of chitinase gene expression is perturbed by treatments 
known to regulate the host gene or by introducing into plants chimeric chitinase 
genes with regulated promoters. 
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Paramutation has been defined as an interaction between alleles that leads to a 
mitotically and meiotically heritable change in one of the alleles at high frequency 
(BRINK 1973). In the cases in which the gene function is known, it is clear that 
paramutation leads to reduction but not loss of phenotypic expression of the 
affected allele. We will discuss the genetic properties of paramutation of the 
maize genes b, r, and pI and review recent characterization of the effect of 
paramutation on gene expression and structure. As we review paramutation, we 
will compare apparently related phenomena, including: (1) recently described 
interactions between transgenes and endogenous genes in plants that lead to 
gene silencing, (2) interactions between transposable elements of plants that 
lead to heritable changes in gene expression, and (3) transvection in Drosophila 

1 Institute of Molecular Biology, University of Oregon, Eugene, OR 97403, USA 
2 Current address: Department of Molecular Biology, Massachusetts General Hospital, Boston, MA 02114, 

USA 



122 G.I. Patterson and V.L. Chandler 

and heritable epigenetic effects on gene expression in animals and fungi. For a 
thorough review of earlier literature on paramutation of b, r, and the handful of 
other examples of paramutation in plants, we refer the reader to previous reviews 
(BRINK 1964, 1973; BRINK et al. 1968; COE 1966). 

Paramutation has been characterized genetically at the b, r, and pi loci in 
maize (COE 1966; BRINKetal. 1968; PATIERSON etal. 1993a). b, r, cl, and pi regulate 
the synthesis of red and purple anthocyanin pigments by regulating transcription 
of the anthocyanin biosynthetic genes (GOFF et al. 1990; ROTH et al. 1991; BODEAU 
and WALBOT 1992). Genetic studies showed that certain alleles of the band r 
genes are functionally equivalent (STYLES et al. 1973). Sequencing of cDNA clones 
showed that b and rare homologous and share sequence identify with transcrip
tional activators of the basic helix-loop-helix class (LUDWIG et al. 1989; RADICELLA 
et al. 1991). Similarly, cl and pi are functionally equivalent (COCCIOLONE and CONE 
1993), are homologous, and share sequence identity with transcriptional activa
tors of the myb class (PAz-ARES et al. 1987; CONE et al. 1993). One member of each 
of the two classes of regulatory genes function together to activate transcription 
of anthocyanin biosynthetic genes (GOFF et al. 1992). 

2 Genetics of Paramutation 

2.1 Paramutation Is a Directed, Meiotically Heritable 
Change in an Allele 

Paramutation of bwas first described by COE (1966), and is illustrated by showing 
the results of a set of crosses (Fig. 1 a). Homozygous B-I/B-I plants are intensely 
purple because anthocyanin pigment accumulates at high levels in a number of 
tissues. Homozygous B'/B' plants accumulate less anthocyanin than B-I/B-I 
plants, but in the same tissues. The B'/B-I phenotype is similar to that of B'/B'. 
This light phenotype is unusual in that B-1 is typically dominant to b alleles that 
produce lower levels of pigment (see control cross, Fig. 1 a). Remarkably, when a 
B'/B-I plant is crossed to a b-K55/b-K55 tester, all progeny are B'/b-K55, rather 
than one half B-I/b-K55 and one half B'/b-K55, as would be expected (Fig. 1 a). 
When B-I/B-I is crossed to b-K55/b-K55 as a control the plants are dark. Thus, B' 
changes B-1 into B' in the heterozygote. This alteration, paramutation, is stable 
through meiosis. In this review, we will follow the convention of referring to B' 
and B-1 as different alleles of b; however, it is not clear whether B' and B-1 are 
different alleles or different epigenetic states of the same allele. 

A number of genetic parameters of the b paramutation phenomenon have 
been elucidated. The original B' allele arose as a spontaneous derivative of B-1. 
The failure to segregate in the F2 (Fig. 1 a) is not due to segregation distortion, as 
markers linked to B-1 segregate normally (COE 1966). There is no evidence for 
parental imprinting; the phenotypes seen do not depend on whether b alleles 



dark B-1 "old" B' 
purple B-1 J "old" B' 

light 
purple 

Paramutation'in Maize and Related Allelic Interactions 123 

dark Pl-Rh "old" Pl'-mah light 
purple Pl-Rh X "old" Pl'-mah mottled 

~ 
F I light "old" B' X b-K55 colorless 

purple B-1 ~ b-K55 
FI light 

, mottled 
"old" PI'-mah X ~ pink 

PI-~ pi 

F2 "old"B' light 
b-K55 purple 50% 

Iinewff B' light 
b-K55 purple 50% 

B-1 dark 
b-K55 purple 0% 

Control B-1 X b-K55 
B-1 ~ b-K55 

a 
B-1 dark 
b-K55 purple 

smail, rare R-st X R(S) solid 
dark sectors R-st ~(S) purple 

FI I I ~ R-st dark 
co or ess r-g X R(S) mottled 

~ 
F2 50% ~ small, rare 

R -st dark sectors 

50% !::L light 
R(S)' mottled 

0% ~ dark 
R(S) mottled 

Control R(S) 
X ~ R(S) 

~ 
r-g 

£IL dark 
c R(S) mottled 

F2 50% 

50% 

0% 

Control 

b 

"old" PI'-mah 
pi 

light 
mottled 

"new" PI'-mah light 
pi mottled 

PI-Rh dark --;;r- purple 

PI-Rh pi 

Pl-Rh J PI 

PI-Rh d k ar'l --;;r- purp e 

Fig. 1a-c. Summary of paramutation, See Sect 2,1 for details, a b gene paramutation. The b-K55 allele 
is nonfunctional: it produces no pigmentation, is not affected by B', and does not affect B-1. The "new" 
B'shown in the F2 is the allele that was previously B-1. b pi gene paramutation. The "new" PI'-mah 
allele is the allele that was previously PI-Rh. c r gene complex paramutation 
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are transmitted by the male or female (COE 1966). Six b alleles (B-bar, B-W22, 
B-Bolivia, B-Peru, b-K55, and a non-functional b allele of uncertain derivation), with 
different tissue-specific patterns of anthocyanin (COE 1979), have been tested for 
paramutation. Only B' and the closely related B'-vand b'-valleles paramutate 
B-1, and only B-1 and the closely related B-vand b-v alleles are altered by B' (COE 
1966; COE et al. 1988; G. Patterson and V. Chandler, unpublished observations). 
B-1 spontaneously changes to B' at a high frequency. In the authors' stocks with 
a W23 genetic background, a few percent of the progeny of a B-I/B-I plant receive 
the B' allele. In contrast, B' is very stable. Efforts to select for dark plants in 
lineages with B'did not result in the identification of reversion to B-1 (COE 1966). 
No revertants of B' to B-1 were seen in ~ 105 progeny of a B/B' by B-I/B-I cross 
(K. Kubo, G. Patterson and V. Chandler, unpublished observations). 

Paramutation can be divided into three separate but perhaps related events, 
which are described below for b paramutation. First, in the initial B/B-I hetero
zygote, very little pigment accumulates. Thus, either B' has already changed B-1 
into B' by the late developmental stage at which expression normally occurs, or 
B'suppresses B-1 expression. Second, B' heritably alters the phenotype of B-1; 
the "new" B' (in the F2), which was B-1 previously, produces weak pigment, as 
does the original B'("old" B'). Third, the" new" B' gains the capacity to invariably 
change a naive B-1 allele (i.e., a B-1 allele not previously exposed to B') into B'. 
These changes may be mechanistically related, as all three occur under the 
influence of B' in the B/B-I heterozygote. The following three assays are used to 
measure paramutation: 

1. Fl phenotype: Does the presence of an inducing allele decrease phenotypic 
expression of the sensitive allele in the F1 ? The F1 assay is useful because it 
is the quickest to perform, and, in all gene systems in which paramutation is 
seen, alleles that cause heritable alteration in sensitive alleles show at least 
some effect in the initial heterozygote (BRINK 1973; COE 1966; MCWHIRTER and 
BRINK 1963; BRINK et al. 1970; G. Patterson and V. Chandler, unpublished 
observations). B' has a very strong effect on B-1 in an initial heterozygote (COE 
1966), and the faint pigmentation in B'/B-I is due to low transcription of both 
alleles (PATIERSON et al. 1993b; see Sect. 3.1). 

2. Heritable alteration: Does the inducing allele heritably alter the phenotype 
produced by the sensitive allele? B' heritably alters B-1 so that its expression 
is almost indistinguishable from B'. It is important to note that an allele that 
has an effect in the F1 assay, but fails to cause a heritable alteration, should 
not be considered capable of causing paramutation. 

3. Secondary paramutation: Does the inducing allele confer upon the sensitive 
allele the ability to heritably alter another sensitive allele? As described above, 
a "new" B' invariably paramutates B-1, and pigment phenotype of B-1 after 
exposure to "new" B' is similar to that of B-1 after exposure to "old" B'. 

pi para mutation occurs when the PI-Rh allele is heterozygous with the P/'
mah allele. As is the case with b paramutation, P/'-mah has a strong effect 
as measured by all three assays for paramutation (PATIERSON et al. 1993a, 
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G. Patterson and V. Chandler, unpublished observations.) As shown in Fig. 1 b, 
the phenotype of a PI'-mahiPI-Rh heterozygote is light, like that of a PI'-mah/PI'
mah plant. When the heterozygote is crossed to a recessive pi allele, the 
phenotype conferred by a "new" PI'-mah is light, and not obviously different from 
that of "old" PI'-mah. The phenotype of PI'-mah is different from PI-Rh in all 
tissues in which color is induced by pi, but the "light mottled" phenotype 
mentioned in Fig. 1 b is that of anthers and seedling sheath, two tissues in which 
the phenotype is the most obvious. Finally, plshows strong secondary paramuta
tion; the" new" PI'-mah is 100% efficient at paramutating a naive PI-Rh allele. As 
with b paramutation, the inducing allele (PI'-mah) can arise as a spontaneous 
derivative of the sensitive allele (PI-Rh). In some of the authors' stocks, several 
percent of the progeny of PI-Rh/ PI-Rh receive PI'-mah. 

In r paramutation, as in b paramutation, an allelic interaction induces a 
heritable change in the pigmentation potential of a sensitive allele (reviewed in 
BRINK 1964). r is a complex locus that contains multiple homologous r genes'. 
In r paramutation, several inducing r gene complexes are known, including 
R-st(Fig. 1 c). R(S) ordinarily produces dark, mottled pigmentation in the aleurone 
of an r-g/R(S) individual (see control cross in Fig. 1 c). After being heterozygous 
with R-st, R(S) is altered to R(S)', and produces very light, mottled pigmentation 
in the aleurone of an r-g/R(S)' individual (Fig. 1 c). The quantitative difference 
in pigment produced by R(S) and R(S)' is about sevenfold (VAN DER WALT and 
BRINK 1969). 

Comparison of b, rand plparamutation illustrates a few key differences. First. 
ris unique in that the strength of the response of R(S) to paramutation depends on 
the assay used. In the F1 assay, R(S) is very weakly responsive to R-st; in fact. 
response is only seen when unusually sensitive alleles are used (MCWHIRTER and 
BRINK 1963; BRINK et al. 1970). In the secondary paramutation assay, R(S)' does 
alter R(S), but its effect is barely detectable (BROWN and BRINK 1960). 8-1 and PI-Rh 
respond strongly, and to the same extent. in all three assays. A second difference 
is that r and pi show a high level of quantitative variation not seen at b. R(S)' and 
PI'-mah can revert and produce darker pigmentation, but typically do not revert 
completely to their original state (BRINK 1964; STYLES and BRINK 1969; G. Patterson, 

1 Notes on maize nomenclature: (1) The locus traditionally referred to as R-ris a gene complex with two 
genes (STADLER and NUFFER 1953; DOONER and KERMICLE 1971; ROBBINS et al. 1991), and following the 
nomenclature of DOONER et al. (1991), we refer to these genes as R(S) and R(P). Fine structure mapping 
of the rlocus has made it clear that it is the R(S) component that is responding to paramutation, and that 
rcomplexes that contain only R(S) and not R(P) respond the same way to R-stas complexes that contain 
both components (BROWN 1966). A variety of sensitive r gene complexes were used in the studies 
reviewed here, and all had the R(S) component, so we will use the R(S) designation as a generic term 
for the sensitive alleles used, and R(S)' as a generic term for the allele that results after paramutation. 
(2) Maize is diploid, but the aleurone layer of the seed, where R(S)' and R(S) are expressed, is triploid, 
having received one dose of r from the male parent and two doses from the female parent. For 
simplicity, we will refer to the diploid rgenotype when describing genotypes. Almost invariably, R(S) and 
R(S)' are scored when transmitted through the male, since ris an imprinted gene (reviewed in KERMICLE 
and ALLEMAN 1990). In every case in this review, when we refer to the aleurone of an r-gIR(S)' plant, or 
the phenotype produced by R(S)', we are referring to an aleurone with the triploid genotype r-glr-gIR(S)'. 
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Table 1. Comparison of b, r, and pi paramutation 

Features of paramutation' b pi 

Response in three assays 
F1 pigmentation Yes Yes 
Heritable alteration Yes Yes Yes 
Secondary paramutation Yes Yes 

Spontaneous paramutant derivatives Yes - , Yes 

Reversion of paramutated allele No Yesd Yesd 

Phenotype of paramutated allele Uniforme Variable Variable 

Strength of inducing alleles Uniform Variable Variable 

Transcriptional repression Yes Not determined Yes 

Simple locus Yes No Yes 

Correlation with hypermethylation None dectected Yes Not determined 

, These featurers of paramutation are described in the text, and references are given there 
b R(S) responds to R-st very weakly in these two assays 
, R(S) spontaneously undergoes only very small changes, as described in the text 
d PI'-mah and R(S( may not revert completely 
e Different B' isolates show very slight variation (not more than twofold), wherease R(S)' and PI'-mah 
vary over a much larger range 

J. Hollick and V. Chandler, unpublished observations). B' is stable, but R(S)' can 
exist in a virtual continuum of heritable and unstable genetic states, producing 
dark to almost undetectable pigment (BRINK et al. 1968; STYLES and BRINK 1969). 
Preliminary experiments indicate that PI'-mah shows variability similar to R(S) , 
(G. Patterson, J. Hollick and V. Chandler, unpublished observations). A third 
difference is that both B-1 and PI-Rh spontaneously change to B' or PI'-mah in 
homozygous plants (COE 1966; PATTElls0N et al. 1993a). R(S) can spontaneously 
become more R(S)' -like, but the resulting changes in color and ability to induce 
paramutation are very small (BRINK et al. 1968). These features, and others 
described in Sects. 3 and 4, are summarized in Table 1. It may be that the 
fundamental change in gene structure that underlies these examples of paramu
tation is the same, and that the differences in phenomenology reflect subtle 
differences in the alleles. Alternatively, it may be that these differences in 
phenomenology indicate fundamentally dissimilar mechanisms. Until the mech
anism of paramutation is elucidated, it is important when thinking about paramu
tation, to recognize the significant differences between the phenomena at b, r, 
and pl. 

2.2 Para mutation Is an Allelic Interaction 

COE (1966) demonstrated that the ability of B' to paramutate B-1 is genetically 
linked to B'. He made a B/'b-K55 heterozygote; b-K55 is an allele of b that is non
functional for activating the anthocyanin pathway and incapable of paJamutating 
B-1 or responding to B'. Progeny of a B/'b-K55 by B-I/B-I cross were examined for 
the ability to paramutate as measured by the F1 pigmentation and heritable 
alteration assays (see Sect. 1.3). All of the progeny met the expectation for 
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linkage; all b-K55IB-1 individuals were dark, and all B'/B-I individuals were light 
(~50 of each genotype tested). B-1 was heritably altered only in the B'/B-I 
individuals. 

A larger test for linkage was done with B'lB-Peru heterozygotes (PATIERSON 
and CHANDLER, manuscript in preparation). B-Peru colors the seed and some 
tissues in the mature plant (STYLES et al. 1973; PATIERSON et al. 1991), so can be 
distinguished from B' and B-/. B-Peru does not paramutate B-1 or respond to B' 
(COE et al. 1988; G. Patterson and V. Chandler, unpublished observations). B'lB
Peru plants were crossed to B-I/B-I plants and colorless seeds (B'/B-n were 
separated from purple seeds (B-PeruIB-n and planted. All of the 3058 resulting B'/ 
B-1 plants were light, demonstrating that the ability to paramutate always segre
gated with the regulatory sequences that provide the B'tissue-specific pattern of 
expression. While the possibility of a very tightly linked gene causing paramuta
tion cannot be eliminated by these data, this result supports the hypothesis that 
the sequences involved in paramutation are a part of the B' allele. 

Similar, small-scale experiments showed that the ability to paramutate R(S) 

is linked to R-st (BRINK 1958). and that the ability to paramutate PI-Rh is linked to 
PI'-mah (PATIERSON et al. 1993a). Intragenic recombination experiments (Sect. 3.2) 
show that the ability to paramutate R(S) is intimately associated with the rgene 
complex. 

3 Paramutation and Gene Expression 

3.1 Transcriptional Changes 

The mechanism of b paramutation was investigated by testing for changes in b 
transcription and function (PATIERSON et al. 1993b). Transcription assays using 
isolated nuclei indicated that b transcription was lower in B'/B' and B'/B-I husks 
than in B-I/B-I husks by about tenfold, but no change was observed in the tissue
specific pattern of b RNA accumulation, nor were the size and 5' end of b RNA 
altered. Similarly, RNA accumulation and transcription are lower in PI'-mah/PI-Rh 
tissues than in PI-RhIPI-Rh (G. Patterson and V. Chandler, unpublished observa
tions). It should be noted that the B' and P/'-mah alleles are not silent; transcription 
is still readily detected. The activity of the B' and B-1 proteins was not different, as 
measured by their ability to activate the transcription of the target genes bzl, a 1 
and c2. COE (1966) showed that the transcriptional activator function of b is not 
required for paramutation. He used a b-vderivative of B-1, which has a transpos
able element-induced mutation in the b coding region that renders it defective 
for activation of the anthocyanin pathway. This allele is still transcribed (COE 1966; 
G. Patterson, T. Shroyer and V. Chandler, unpublished observations). The b-v 
allele can participate in paramutation. When b-vIB'is crossed to B-I/B-I, two types 
of progeny are seen: b'-vIB-1 and B'/B-I. B-1 is paramutated in b'-vIB-I, that is, it is 
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changed to B' (COE 1966). Thus, autogenous regulation of B'/B-I can only be 
involved in paramutation if the autogenous regulation does not require the same 
b function by which it regulates anthocyanin biosynthetic genes. 

The question of whether transcriptional or post-transcriptional changes are 
occurring is significant for the evaluation of models. Paramutation shares some 
features with recently described trans-inactivation phenomena in plants, in which 
transgenes and endogenous genes that share homologous sequences interact 
(reviewed in MATZKE and MATZKE 1993). Models that involve physical contact 
between alleles or transgenes resulting in transcriptional silencing have been 
proposed. This type of model is adequate for b and pi paramutation, and for two 
cases of trans-inactivation in which transcription is affected (MEYER et al. 1993; 
BRUSSLAN et al. 1993). In three cases of trans-inactivation that are not heritable 
(DE CARVALHO et al. 1992; VAN DER KROL et al. 1990; ELKIND et al. 1990)' inactivation 
is not accompanied by a decrease in transcription rates in isolated nuclei 
(DE CARVALHO et al. 1992; MOL et al. 1991; C. Lamb, personal communication). This 
result suggests that in these cases, trans-inactivation is likely to be the result of 
post-transcriptional events. Models involving the inadvertent production of anti
sense RNA have been proposed for cases in which regulation is post-transcrip
tional (GRIERSON et al. 1991). In one case, the transgene produced antisense RNA 
that was homologous to the inactivated gene (MOL et al. 1991). Antisense RNA 
has been shown to decrease RNA accumulation in transgenic plants (ROTHSTEIN 
et al. 1987). 

3.2 Sequences Involved in Paramutation· 

The sequences necessary for the ability to respond to and cause paramutation are 
likely to include transcriptional regulatory sequences, as the phenomenon is 
associated with reduced transcription and maps to the loci. However, other 
sequences may be involved as well. The strategy used for mapping sequences 
necessary for b paramutation is modelled after that described by KERMICLE (1974) 
and is shown in Fig. 2. B' and B-Peru differ in ability to paramutate and in tissue
specific pattern of expression (Fig. 2). These alleles and mutant derivatives were 
used to isolate hybrid alleles by intragenic recombination. These alleles were then 
tested for the tissue-specific pattern of anthocyanins induced, and for the ability 
to paramutate (Patterson and Chandler, manuscript in preparation). 

The location of sequences controlling tissue-specific gene expression in B' 
and B-Peru maps to the 5' region of the gene. A 2.1-kb DNA fragment from B-Peru 
containing the promoter and untranslated leader is sufficient to confer expression 
in the seed in transient transformation assays, whereas a 1.5-kb DNA segment 
from the same region of B-1 does not promote seed expression (RADICELLA et al. 
1992). Since the sequences of B' and B-1 are the same in this 1.5-kb segment, this 
experiment also demonstrates that the 5' region of B' does not promote seed 
expression. Consistent with these transformation results, BP//B' recombinants 
exhibited a B-Peru pattern of tissue-specific expression in both seed and plant, 
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Fig. 2 a, b. Isolation and phenotypes of b intragenic recombinants. a Intragenic recombinant alleles that 
are B' upstream and B-Peru downstream were isolated by making a heterozygote between B-Peru and 
b'-v (a green mutant derivative of B' that paramutates B-1 with the same efficiency as B'). The 
transcribed regions of the genes are shown as boxes. The location of the lesion in b'-v is shown as an 
X. Progeny of this heterozygote were screened for the presence of rare recombinant alleles that confer 
a B' color phenotype, and these alleles were tested for the ability to paramutate. gl2 and wt are flanking 
morphological markers used to follow recombination. b Intragenic recombinants that are B-Peru 
upstream and B'downstream were isolated by making heterozygotes between B' and b-m 1 (a mutant 
derivative of B-Peru; CLARK et al. 1990). The lesion in b-m 1 is shown with an X; the insertion is mapped 
to a restriction fragment that is indicated by a line above the gene. Progeny were screened for rare 
recombinant alleles that confer a B-Peru color phenotype, and these alleles were tested for ability to 
paramutate 

and B'/IBP recombinants exhibited a B' pattern of expression (Fig. 2) These 
results indicate that the 5' regions of B' and B-Peru control expression in plant 
tissues. 

The ability of B'to paramutate B-/ also maps to the 5' region of the B' allele. 
B'IIBP recombinants, which have B' 5' sequences, efficiently paramutate B-/, 
both in F1 pigmentation assays and in heritable alteration assays (see Sect. 1.3 for 
a description of the assays). In contrast BPIIB' intragenic recombinants do not 
paramutate B-/. As described in Sect. 2.2, 3058 plants were scored in an attempt 
to identify a recombination event in which the ability to paramutate was separated 
from the sequences controlling B'tissue-specific expression by recombination. 
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No separation was found; therefore, this ability is not more than 0.1 cM from B'. 
The unique ability of B'to paramutate B-1 resides within the 5' region of the allele, 
or in closely linked sequences upstream of the transcription start site. It is 
important to note that the B-Peru and B' alleles differ in their 5' flanking regions 
and show no sequence identity for at least 2.5 kb pairs (RADICELLA et al. 1992). 
Probes from B'do recognize sequences further upstream in B-Peru, but details of 
the structure are not known. These mapping data, along with the fact that 
paramutation affects b transcription, suggest the interesting possibility that 
sequences that are responsible for paramutation may overlap or be identical to 
sequences that are responsible for the transcriptional regulation. However, it is 
equally possible that additional sequences responsible for paramutation are 
genetically linked but not coincident with transcriptional regulatory sequences. 
The identification of sequences important for transcriptional regulation and para
mutation by DNA-mediated transformation and mutagenesis is essential for 
resolving this question. 

The location of the sequences that control paramutation is clearly very 
different for band r. The R-stgene complex has been fine-structure mapped and 
consists of a chromosomal region with multiple linked r-homologous genes 
(W. Eggleston and J. Kermicle, personal communication). The ability of R-st 
to paramutate the sensitive R(S) is distributed across this chromosomal region 
(J. Kermicle and W. Eggleston, personal communication; ASHMAN 1970; KERMICLE 
1970a). Unequal crossing over has produced derivatives in which r genes are 
deleted, along with all intervening DNA. The ability of these R-st derivatives to 
paramutate R(S) is decreased in steps with each deletion. When only one gene 
remains, the remainder of the complex is not able to alter R(S) in a detectable 
way. Since the deletions remove one or more rcoding regions, their associated 
regulatory regions, and undetermined amounts of flanking DNA the ability to 
paramutate might reside in any of these sequences. 

The b and pi genes do not have the composite nature of r. b and pi consist of 
only one gene (PATIERSON et al. 1991; COCCIOLONE and CONE 1993; CONE et al. 1993). 
The involvement of repetitive sequences in paramutation is difficult to test 
because maize genes are surrounded by repetitive sequences. However, the 
recombination analysis presented above does not indicate that b paramutation 
can be lost in a stepwise fashion; BP//B' is completely unable to paramutate B-1, 
while B'//BP paramutates B-1 as efficiently as B'. 

The involvement of repeated sequences has been proposed for other cases 
of gene inactivation in plants, but counter-examples make it clear that complex 
repeated structures of the type seen at rare not required. Some dominant alleles 
of the nivea gene in snapdragon act in trans to suppress the accumulation of RNA 
from Niv+. These dominant alleles are mutant derivatives of Niv+, and each has 
a duplication of part of the gene, including promoter sequences. BOLLMAN et al. 
(1991) suggest that this complex structure causes trans-inactivation. However, 
despite a positive correlation with transgene copy number and the inactive state 
(LINN et al. 1990; SCHEID et al. 1991), a number of cases of inactivation involve a 
single integrated copy of a transgene (LINN et al. 1990; VAN DER KROL et al. 1990; 
SMITH et al. 1990; SEYMOUR et al. 1993; MEYER et al. 1993). 
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4 Effect of Paramutation on Gene Structure 

Since b paramutation is associated with changes in transcription, efforts were 
made to identify changes in sequence or structure of putative regulatory regions 
of B' and B-1 (PATIERSON et al. 1993b). No DNA rearrangements were detected in 
a region from -11 000 bp to + 13 000 bp (relative to the transcription start at + 1), 
as measured by the patterns of bands seen on Southern blots. B' and B-1 clones 
were sequenced from -1487 to +730, and were identical. Cutting of B'and B-1 
with a large number of methylation-sensitive restriction enzymes showed that 
the methylation pattern of the two alleles was indistinguishable, from 6 kb 
upstream of the transcription start, through the 4-kb b coding region, to 2 kb 
downstream of the poly-A addition site. 

The lack of correlation of DNA methylation with b expression might be 
considered surprising, since related phenomena do show a correlation. r paramu
tation is accompanied by substantial increases in methylation of the R-r gene 
complex, which contains R(S) (M. Alleman and J. Kermicle, personal communica
tion; DOONER et al. 1991). Several examples of transgene interactions that lead to 
gene silencing are also correlated with increases in methylation (MATZKE and 
MATZKE 1991; MEYER et al. 1993; ASSAAD et al. 1993). In the Spm and Actranspos
able element systems in maize, an inactive element that is not making trans
posase can spontaneously undergo a change that results in its activation, and 
this change is correlated with hypomethylation of sites in CpG islands of the 
elements. An active transposable element can increase the likelihood that an 
inactivate element is reactivated, and this reactivation is also accompanied by 
hypomethylation (reviewed in FEDOROFF and CHANDLER 1994). In fungi, interactions 
between duplicated genes can lead to heritable changes in DNA methylation 
(Singer and Selker, this volume). Parental imprinting in mammals is correlated 
with DNA methylation (reviewed in SURANI 1993), as is X-chromosome inactiva
tion in eutherian mammals (LOCK et al. 1987). It is worth emphasizing that, unlike 
the examples above, b, r, and p/paramutation do not result in complete silencing. 
Pigment accumulation is still seen, and in the case of B' and P/'-mah, transcription 
is still readily detectable. 

The difference between b and these other phenomena can be explained in 
two ways. First, it may be that b paramutation is not correlated with DNA 
methylation; and second, it may be that subtle changes in methylation exist, but 
went undetected in our analysis. Given these two possibilities, it is instructive to 
examine the exact nature of the correlation between DNA methylation and these 
related gene inactivation phenomena. In the case of b paramutation, it was 
estimated that -20% of the cytosines that are contained in canonical methylat
able sequences were tested, in the region from --3500 to -+5500 (relative to the 
transcription start at + 1). This survey included two CpG island in the vicinity of the 
transcription start site (PATIERSON et al. 1993b). In other cases in which heritable 
changes in gene expression are correlated with differences in methylation, 
changes in DNA methylation were observed by surveying a much smaller number 
of sites (Fig. 3). This comparison emphasizes that the correlation of DNA 
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4kb 

B-1 and B' 

a no change in cutting detected 

# sites a 
changed # tested % changed reference 

Paramutation 

43 b b 0 0 PATIERSONetaI. 1993b 

,. c many M ALLEMAN and J KERMICLE 
personal communication 

Transgene interactions 

Petunia 5 5 100 MEYER et aI. 1993 

Tobacco 2 9 22 MATZKE and MATZKE 1991 

Transposable element 
interactions 

SPill 6 16 38 BANKS et aI. 1988 

Ac 6 8 75 CHOMET et aI. 1987 
SCHWARTZ 1989 

Imprinted genes in mice 

Hl9 11 23 48 FERGUSON-SMITH et aI. 1993 

Jgf2,.d 
BARTHOLElVfEI et aI. 1993 

63 64 98 STOGER et al. 1993 

Jgf2 4 25 16 SAs.ivu et aI. 1992 
b BRANDEIS et aI. 1993 

Fig. 3 a, b. Methylation comparison. a A schematic map of b. B' and B-1 are represented by a single 
map, as no differences in DNA structure or sequence have been seen. The box represents the 
transcribed region of the gene. The line under the map indicates the region of B' and B-1 tested for 
differences in DNA methylation. b Comparison of bto other examples of meiotically heritable alterations 
in gene expression. Notes: a, "# sites changed" refers to the number of restriction sites of methylation
sensitive restriction enzymes of which cutting does not occur when DNA is isolated from individuals 
with the less active gene state. b, The 43 sites shown refer to those mapped from - -3500 to - + 1000 
(relative to the transcription start). A number of additional sites were tested across the rest of the coding 
region and through two kilobase pairs of 3' flanking DNA. The number of sites tested in this region is not 
known precisely, but it was estimated that -20% of the cytosines that are contained in canonical 
methylatable sequences were tested throughout this region (PATIERSON et al. 1993b). c, Restriction sites 
in R(S) and R(S)' were difficult to map because r is part of a gene complex, and the details of its structure 
are currently under study. It is clear that the changes in DNA methylation are extensive, and a majority 
of sites tested are hypermethylated in R(S)' relative to R(S). d, The 64 sites shown here represent sites 
from only a subset of the> 100 kb pair transcribed region of this gene (see STOGER et al. 1993 for details) 

methylation and gene expression is different for b than for any of the other 
examples; when changes in DNA methylation are seen, the changes are exten
sive enough to be obvious. However, methylation changes during b paramutation 
that are unusually distant from the gene or alter only an unusually small number 
of cytosine residues cannot be ruled out. 
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The causal relationship between gene expression and cytosine methylation 
is not clear. In some cases DNA methylation happens after, not before, changes 
in gene expression (LOCK et al. 1987; ENVER et al. 1988). Hence, in these cases, 
methylation does not establish gene silencing but may playa role in maintaining 
a silent state. In some cases, it is clear that DNA methylation is required for the 
maintenance of a silent state. In mice that have a defective DNA methyltrans
ferase gene, imprinted genes are neither hypermethylated nor imprinted (LI et al. 
1993). Transfection experiments showed that DNA from the hypermethylated, 
inactive X-chromosome of humans or mice is incapable of being expressed 
(VENOLIA and GARTLER 1983; LISKAY and EVANS 1980). Finally DNA methylation is not 
always associated with gene silencing. In marsupials, and in mouse extraembry
onic tissues, X-inactivation is not correlated with cytosine modification (KASLOW 
and MiGEON 1987; KRATZER et al. 1983). Transcriptionally silent states are main
tained in yeast and Drosophila, which have no detectable cytosine methylation 
(see Sect. 6). RIGGS and PFEIFER (1992) observed that late DNA replication is more 
often correlated with gene inactivity. Such silencing phenomena as X-chromo
some inactivation, silencing of genes at the mating type loci in yeast, and 
Drosophila position effect variegation are associated with late DNA replication. 
Mutational.analysis has indicated that DNA replication is required for the estab
lishment of gene silencing in yeast, but the mechanistic role of replication is 
uncertain (LAURENSON and RINE 1992). 

5 Models for Paramutation 

Models should explain how the alleles interact, and also, how that interaction 
causes heritable alterations. Genetic models propose that an inducing allele such 
as 8' transfers a sequence element by gene conversion to a sensitive allele, or 
induces a sequence change by other means. No physical evidence for a sequence 
change between 8-/and 8'has been seen; however, as discussed in Sect. 4, the 
sequence change may be subtle or physically distant from the b locus. 8-1 
frequently changes to 8' in a 8-1/8-1 plant; therefore, a sequence change respon
sible for paramutation must be capable of occurring spontaneously at a high 
frequency. Several diseases in humans result from an increase in copy number of 
nucleotide triplet repeats (reviewed in WARREN and NELSON 1993); a similar sort of 
increase in a repeated sequence element could be responsible for paramutation. 
However, it is not clear how an allelic interaction would lead to directed increases 
in the number of repeats. There are a few examples of unidirectional gene 
conversion events that are nearly as regular as paramutation, such as the transfer 
of infectious intervening sequences (GIMBLE and THORNER 1992) and mating type 
switching in yeast (reviewed in HABER 1983). 

A second class of models proposes epigenetic changes in paramutated 
genes. I n these models, allelic interactions lead not to changes in DNA sequence, 
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but to epigenetic changes, such as changes in chromatin structure or DNA 
methylation. The alleles might interact in two ways: 

1. Homology might be recognized by DNA-DNA interactions, perhaps 
similar to those which occur during homologous recombination (reviewed in 
DOONER et al. 1991). In Neurospora and yeast, and in Drosophila, the machinery for 
identifying homologous sequences in mitotically dividing cells can be quite 
efficient. Maize has a much larger genome, and there is no clear evidence on the 
question of whether homologous sequences can interact in somatic cells. I n the 
mouse, which has a comparably large and complex genome, homologous 
recombination can occur in somatic cells, as evidenced by gene disruption 
technology, but this process is not highly efficient (THOMAS and CAPECCHI 1987). 

2. Proteins bound to a regulatory sequence on one allele might interact with 
proteins bound to the homologous allele. This interaction is exactly analogous to 
models suggested fortransvection in Drosophila. In transvection, a transcription
al regulatory sequence from one allele acts to increase or decrease expression 
from an allele on the homologous chromosome (HENIKOFF and DREESEN 1989; 
GEYER et al 1990). 

Two models have been proposed for how allelic interactions might result in 
heritable !3pigenetic changes in gene expression: 

1. The interaction might result in differential cytosine methylation. For 
example, the unusual structure that resulted from the pairing of alleles might 
affect the accessibility of the genes or associated regulatory sequences to 
methylase (see Sect. 4 for discussion of methylation as it relates to band r 
paramutation; for review, see MATZKE and MATZKE 1993; JORGENSEN 1993). 

2. The interaction might result in a change in chromatin structure. BRINK 
(1964) and PATIERSON et al. (1993b) have proposed models for paramutation that 
involve such a change. 

One attractive model that unifies observations in animals and fungi is that late 
DNA replication and changes in chromatin structure reinforce each other, and 
lead to gene silencing (RIGGS and PFEIFER 1992). In some cases cytosine methyla
tion is proposed to playa role in maintaining either late replication or chromatin 
structure. Paramutation is a meiotically heritable change in a gene, and changes 
in chromatin structure are generally thought to be erased during gametogenesis 
and meiosis. There is some resistance to the idea that changes in chromatin 
structure might be inherited; however, it has been clear for decades that epi
genetic changes in plant genes that are acquired during development can be 
inherited (see JORGENSEN 1993 for review). Recent work on imprinting in mammals 
and on heritable transgene inactivation in plants has led to a renewed interest in 
this problem. It is widely accepted that changes in chromatin structure are 
mitotically heritable (see below). Similar changes might in special circumstances 
be heritable through gametogenesis and meiosis. In the following section, we 
discuss the somatic nature of paramutation, and compare it to somatic changes 
in chromatin structure that occur in animals and yeast. 
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6 Comparison of Paramutation to Somatic Epigenetic 
Changes in Other Organisms 

In thinking about a mechanism for paramutation, the question of when in 
development a sensitive allele is altered is important. Paramutation may result 
from an interaction in somatic tissues, which is transmitted because, in plants, 
the germline in derived very late in development from the same cell lineages that 
give rise to the soma (see below for further discussion). 

The available evidence suggests that paramutation occurs in somatic tissues. 
Spontaneous changes of B-/to B' can be seen as somatic sectors in B-I/B-I plants 
(COE 1966). Another indication of the somatic nature of paramutation is shown in 
Fig. 1 a and b. In B'/B-I and PI'-mah/PI-Rh heterozygotes, the pigmenting potential 
of the sensitive alleles B-1 and PI-Rh are drastically reduced in somatic tissues. 
The reduction of pigment in the somatic tissues of these F1 plants is equivalent 
to the heritable reduction seen in the F2. While R-sthas a very weak effect on the 
phenotype of R(S} in the F1, other genetic evidence indicates that rparamutation 
also occurs in somatic tissues (SASTRY et al. 1965). The most direct evidence for 
the somatic nature of paramutation is seen in plant species other than maize 
(discussed in SASTRY et al. 1965 and BRINK 1973). In these cases, paramutation is 
clearly progressive in the body of the plant; that is, branches that develop late in 
the life cycle show more severe effects somatically, and flowers on the more 
severely affected branches produce more severely affected progeny. Thus, in 
these plants, F1 paramutation is apparently identical to heritable paramutation. 
Current evidence is also consistent with b paramutation being a somatic event. 
COE suggested that b paramutation, unlike other examples of paramutation, is 
perhaps a meiotic event, but this suggestion has been reevaluated in light of 
recent work (COE 1966; PATIERSON 1993; PATIERSON and CHANDLER, manuscript in 
preparation). 

Work in plants, vertebrate and invertebrate animals, and fungi has demon
strated that stable, mitotically heritable epigenetic changes occur during the 
normal development and growth of eukaryotic organisms. In Sect. 4, we dis
cussed the examples of imprinting and X-chromosome inactivation in mammals. 
Experiments in Drosophila and yeast, two organisms that have no cytosine 
methylation, demonstrate the existence of mitotically heritable transcription 
states (LAURENSON and RINE 1992; Paro 1990). For example, the Drosophila DNA 
binding protein hunchback negatively regulates ultrabithorax transcription (OIAN 
et al. 1991). However, suppression of ultrabithorax is observed much later in 
development, after the hunchback protein is gone (TAUTZ 1988; BENDER et al. 
1987). Genes of the silent mating type loci in yeast can be transcriptionally active 
or inactive, and each state is mitotically heritable. Switches from one transcription 
state to the other do occur (PILLUS and RINE 1989; MAHONEY et al. 1991). Mutations 
in chromatin proteins that destabilize these inactive states have led to the 
hypothesis that changes in chromatin structure are responsible (PARO 1990; 
LAURENSON and RINE 1992). 
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In plants, as in animals, most developmentally programmed epigenetic 
changes are not transmitted to progeny, but rather, are reset during gameto
genesis. However, there are a myriad of exceptions to this rule in plants, among 
them paramutation (see JORGENSEN 1993 for review). Other examples include the 
heritable trans-inactivation of transgenes (MEYER et al. 1993; GORING et al. 1991; 
MATZKE and MATZKE 1991; reviewed in MATZKE and MATZKE 1993) and parental 
imprinting of r and other genes in plants (KERMICLE 1970b; KERMICLE and ALLEMAN 
1990). The phenomenon of transposable element presetting is in some ways 
similar to paramutation. An examples of this phenomenon is seen when the 
expression of the a J-m2 allele, which contains a defective Spm element (dSpm), 
is induced by the presence of an unlinked, active Spmelement (MCCLINTOCK 1964). 
This induction can be seen in the next generation, even when the active element 
has segregated away, and can occasionally persist for two more generations 
(MCCLINTOCK 1965). A meiotically heritable change in the expression of the trans
posable element-containing niv-53 allele of the nivea gene in Antirhinnum majus 
has been proposed to be caused by unlinked transposable elements (KREBBERS et 
al. 1987). This interaction, originally described as an example of paramutation, is 
perhaps more like presetting. Other transposable element regulatory events also 
show this type of meiotic inheritance (reviewed in FEDOROFF and CHANDLER 1994). 
The maize elements Mu, Ac, and Spm go through phases of activity and inactivity, 
and these phases are associated with hypomethylation and hypermethylation 
respectively. The phase of an element has been shown to be affected by 
developmental events and in the case of Spm, regulatory signals from other 
transposable elements, and the changes that occur are often passed on to 
progeny. In a number of cases, the expression of a maize gene with a Muor Spm 
insertion is negatively regulated such that cycles of transposable element activity 
and inactivity lead to cycles of gene inactivity and activity. In all of these 
transposable element regulatory events, epigenetic change during development 
is passed on to progeny. In a final example, MIKULA (1967) has shown that the 
expression of the r gene in maize is affected by day-length conditions in the 
previous generation. Perhaps the only known animal genes in which developmen
tally programmed epigenetic changes are transmitted are genes that are differen
tially imprinted in the male and female germline (reviewed in SURANI 1993). 

The examples given above indicate that meiotic inheritance of epigenetic 
changes is much more commonly observed in plants than in animals. Why might 
plants and animals differ in heritability of epigenetic changes? As stated previous
ly, differences in plant and animal development can provide an explanation. The 
germ line and the soma of plants are not separate lineages until late in develop
ment. In contrast, in most animals, these two lineages separate very early in 
development. In Caenorhabditis elegans, the germline becomes separate from 
soma at the fourth cell division after fertilization (SULSTON 1988). The epigenetic 
changes that are necessary for somatic cell lineages are typically isolated from 
the germline, and not transmitted to progeny. In maize, a population of stem 
cells (the meristem) produces most plant organs before separation of germline 
and somatic lineages. Sectors of tissue that are less than 1 % of the male 
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inflorescence can include both somatic cells and gametes (DAwE and FREELING 
1990). Thus, if a gene undergoes an epigenetic change during development, the 
cell in which the change occurs may give rise to both soma and germline. 
Changes such as paramutation may be more likely to be inherited in plants, not 
because the physical nature of gene alteration is necessarily different, but 
because plant and animal development are different. 

It is possible that the germ line in plants is less efficient at erasing epigenetic 
information, or that the mechanism of imprinting epigenetic changes is funda
mentally different in plants. It is difficult to evaluate these ideas without more 
information on the molecular basis of epigenetic changes. 

The above speculations about the mechanism of inheritance of epigenetic 
changes in plants raise a related question: Does this form of inheritance serve any 
purpose in plants? It may be that this type of inheritance is a mistake, a failure to 
appropriately erase epigenetic changes that occur during development (BRINK 
1964). Alternatively, the inheritance of these changes may serve to program 
appropriate gene expression in offspring, and thus serve an adaptive purpose. 

7 How Common Is Paramutation? 

To identify paramutation, both sensitive alleles such as B' and responsive alleles 
such as B-1 must exist for a locus. If one considers b paramutation as a paradigm, 
populations with both types of alleles would be rare, because B' changes B-1 into 
B', and B' is very stable (Sect. 2.1). Possibly, genes that have the potential to 
undergo paramutation are more common than is recognized, but the observation 
of paramutation requires the identification of a rare, unstable allele like B-1, that is 
only in a population transiently. The opportunity for identifying such rare mutants 
may have been extensive, as human selection for new color variants of maize has 
been ongoing, perhaps for thousands of years. 

The anthocyanin pathway may be unusually well suited to identifying para
mutation and related phenomena. Interesting mutations can be recovered and 
easily propagated because variants can be easily identified by visual inspection 
and anthocyanins are not essential for plant growth. The pathway is very sensitive 
to expression of the regulatory genes; the tenfold difference in b transcription 
between B/B' and B-I/B-I plants produces a dramatic change in phenotype. Even 
B/B-I and B/B', which have a barely detectable difference in b RNA levels, have 
slight, but detectable differences in phenotype (COE 1966; PATIERSON et al. 1993b; 
Patterson and Chandler, manuscript in preparation). Thus, even a subtle change in 
an anthocyanin regulatory gene can be easily identified. 
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8 Concluding Remarks 

Paramutation is an allelic interaction that has been shown to result in a mitotically 
and meiotically heritable change in transcription state. It is clear that meiotically 
heritable changes in gene expression are observed more often in plants than in 
animals, but we suggest that this particular difference in phenomenology may be 
due to a difference in animal and plant development rather than a difference in 
mechanism. 
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1 Introduction 

Maize transposons were the first plant genes known to undergo reversible 
heritable inactivation. Early in the study of the Suppressor-mutator (Spm) trans
posable element MCCLINTOCK recognized that certain isolates of the element 
either cycled between inactive and active phases during development or under
went an inactivation event of longer duration and sufficient stability to be 
heritable, but which was nonetheless occasionally reversed (MCCLINTOCK 1957, 
1958). In subsequent studies, MCCLINTOCK developed a deeper understanding of 
the ways in which the Spm element alternated between active and inactive 
phases (MCCLINTOCK 1959,1961, 1962, 1971). She later reported that the Activator 
element is also subject to a similar type of reversible inactivation, although the 
she did not study the Activator element's inactivation mechanism in as great 
detail as that of Spm (MCCLINTOCK 1964, 1965a,b). 

An indication that transposon inactivity might be associated with DNA 
methylation emerged early in the analysis of maize genomic sequences homo
logous to the Acelement, first cloned from the waxy locus (FEDOROFF et al. 1983). 
Despite ·the presence of multiple sequences resembling the element in the 
genome, only the single active copy of the Ac element located at the wx locus 
could be cleaved by enzymes whose ability to cut DNA was inhibited by the 
methylation of C residues within their cleavage sites. This observation subse
quently led not only to extensive analysis of transposable element methylation, 
but has proved useful for cloning genes known to be marked by the insertion of 
an active element (CONE et al. 1988). Both the Ac element and the more recently 
discovered Mu element families are subject to genetic inactivation associated 
with methylation of element sequences (CHANDLER and WALBOT 1986; BENNETZEN 
1987). While the inactivation mechanisms that affect these element families 
have not yet been investigated in as great detail as that of the Spm element, the 
subject of the present review, it is already clear that there are strong parallels. 

One of the major difficulties in understanding transposable element inactiva
tion is that transposition can cease for anyone of several reasons. The first is that 
the transposon cannot express element-encoded gene products required for its 
own transposition. The second is that an element mobilizing a transposition
defective element under observation has been inactivated. And the third is that 
the element has been altered so that it fails to transpose even when supplied 
in trans with all of the proteins necessary for transposition. In the present review, 
I will focus primarily on the genetics and molecular biology of a mechanism that 
controls the transcriptional activity of the Spm element. The common ability of 
maize transposable elements to exist in a heritably, but reversibly inactive form 
poses a number of questions not only about the molecular mechanisms of 
inactivation and reactivation, but also about the importance to the evolutionary 
survival of transposable elements of their capacity to persist in the genome in a 
silent form. 
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2 The Structure of the Spm Element Family 

The Spm element family contains two types of transposition-competent element, 
as well as transposition-defective elements. The intact Spm element is 8.3 kb in 
length and virtually identical in length and sequence with the independently 
identified En element (PEREIRA et al. 1986; MASSON et al. 1987; Fig. 1). There are 
many internally deleted derivatives that either transpose at a reduced frequency 
or are completely transposition-defective. There are several derivatives of the 
Spm and En elements, termed Spm-wand En-low, that transpose at a reduced 
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Fig. 1. A diagrammatic representation of the Spm element's structure, transcripts and protein-coding 
sequences. The open box at the top of the diagram represents the 8.3-kb Spm element and the filled 
ends represent its 13-bp TI Rs, whose sequences are shown below the diagram. The lightly shaded 
regions at each end represent the subterminal repetitive sequences which contain TnpA binding sites. 
The transcription start site at nucleotide 209 is indicated by an arrow, and the darkly shaded block 
adjacent to it is the GC-rich DCR. Arrows within the box show the locations of the two long continuous 
ORFs contained within the first intron of the TnpA transcript. The structure of the Spm transcripts is 
shown below the diagram of the element. Filled blocks represent the exons and connecting lines 
represent the introns. The structure of the processed transcripts is shown at the bottom. Intron locations 
are represented by breaks between the filled blocks, which represent the exons. the continuous arrows 
represent the ORFs encoded in each of the element's transcripts. The transcripts have been designated 
tnpA, tnpB, tnpC and tnpD in order of increasing size. The tnpA and tnpB transcripts are monocistronic, 
while the tnpCand tnpDtranscripts are dicistronic, encoding a unique ORF, as well as the ORF encoded 
by the tnpA transcript. The proteins encoded by the single ORFs of the tnpA and tnpB transcripts have 
been designated TnpA and Tnp8 , while those encoded by the ORFs that are the unique to the tnpC and 
tnpD transcripts have been designated TnpC and TnpD 
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frequency and have short deletions within the first intron of the element's most 
abundant transcript, tnpA. The many transposition-defective elements, termed 
dSpm or I elements, that have been cloned and analyzed are all derivatives of the 
Spm element with large internal deletions, extending into or eliminating the 
coding sequence for the element's most abundant mRNA. 

The element has 13-bp perfect terminal inverted repeats (TIRs). Adjacent to 
each TIR is a subterminal internally repetitive region of about 0.2 kb at the 5' end 
and 0.3 kb at the 3' end (Fig. 1). In addition, there is a GC-rich, internally repetitive 
sequence located between its transcription start site at nucleotide 209 and the 
end of its untranslated first exon at nucleotide 578. While the TI Rs are perfect 
repeats, the repetitive elements of the subterminal repetitive region and the GC
rich first exon sequence are not all alike. The 13-bp TI R sequence (CACTACAA
GAAAA) differs from the consensus sequence of the subterminal repetitive 
regions (CCGACACTCTIA) and that of the GC-rich region (CGGGCGGGCGGC
CTCGC). The 3' and 5' subterminal repetitive regions share a common repetitive 
element, of which there are nine copies within the first 0.2 kb at the 5' and the 14 
copies within the 0.3-kb 3' terminal sequence. The repetitive elements occur in 
both orientations in the subterminal repetitive regions, while the 11 GC-rich 
repeats within the first exon are all in the same orientation (MASSON et al. 1987). 

2.1 Sequences Required for Transposition 

MCCLINTOCK reported that plants with a dSpm insertion allele of a gene and a 
mobilizing intact Spm frequently give rise to progeny showing patterns of 
element excision that differ from the parental pattern (reviewed in FEDOROFF 
1983). Mutant progeny differ from the original alleles in the frequency and 
developmental timing of dSpm excision from the gene, as well as the level of 
gene expression exhibited by the affected allele both in the presence and in the 
absence of the mobilizing Spm. Such changes, which MCCLINTOCK (1955) desig
nated "states" of a locus, are heritable. It is now known that most such changes 
arise by further deletions within a dSpm element and the molecular analysis of 
such elements has provided information about the sequences required for 
transposition of the element (reviewed in FEDOROFF 1989a). 

Not unexpectedly, all of the sequences that affect the ability of a dSpm 
element to transpose are located at or near element ends. The 13-bp TI Rs are 
important, but will tolerate some changes, as evidenced by the ability of an 
element with a 2-bp terminal deletion in a dSpm element at the bz locus to 
transpose, albeit at reduced frequency (SCHIEFELBEIN et al. 1988). Deletions that 
extend into the subterminal repetitive sequences also reduce the transposition 
frequency and delay its timing, as does deletion of the GC-rich repetitive region 
within the element's first exon (Fig. 1). A single non-transposing element has 
been identified to date and it contains both TIRs, but lacks the 5' subterminal 
region entirely (MENSSEN et al. 1990). The sequence requirements for optimal 
transposition frequency of the Spm element therefore include the element's 
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TIRs, the subterminal repetitive sequences at both ends, and the GC-rich, 
repetitive first exon sequence. 

3 Expression of the Spm Element 

A single primary transcript has been identified for the Spm element and it extends 
from nucleotide 209, from what has been designated the element's 5' end, to 
one of two transcription termination sites about 0.4 kb from the element's 3' end. 
(Fig. 1; reviewed in FEDOROFF 1989a). The primary transcript is differentially spliced 
to give an abundant 2.4-kb transcript, designated tnpA. and three minor larger 
transcripts, designated tnpB, tnpC, and tnpO, in order of increasing size (Fig. 1). 
The tnpA transcript contains 11 exons and ten introns, the first of which is more 
than 4 kb in length, while the other nine are all less than 0.2 kb in length (PEREIRA 
et al. 1986). The tnpB, tnpC, and tnpO transcripts each contain all11 of the tnpA 
transcript's exons, but have one, two, or three additional exons derived from one 
or both of the open reading frames (ORFs) located within the first intron of the 
tnpA transcript (Fig. 1; MASSON et al. 1989). The first exon, which contains the GC
rich repetitive region, comprises an untranslated leader sequence and the ORFs 
of all of the transcripts commence in their respective second exons. 

The tnpA transcript contains a single ORF coding for 68-kDa DNA-binding 
protein designated TnpA (Fig. 1; PEREIRA et al. 1986; GIERL et al. 1988). The larger 
tnpB transcript likewise has a single ORF which encodes a potential 168-kDa 
ORF1-0RFA fusion protein designated TnpB. Both tnpC and tnpO contain two 
ORFs, one of which is an ORF1-0RF2 fusion, while the second is ORFA. The 
proteins potentially encoded by the ORF1-0RF2 fusions are unique to the tnpC 
and tnpO transcripts and are designated TnpC and TnpD, respectively (Fig. 1). 
They differ from each other only by the excision of a 96-bp intron from the ORF2 
coding sequence of tnpC that is part of the tnpO third exon (MASSON et al. 1989). 

3.1 Element-Encoded Proteins Required for Transposition 

The element-encoded proteins that participate in transposition were identified by 
using cDNAs coding for a single gene product to complement mutant elements 
and each other in a transgenic assay system (MASSON et al. 1989, 1991; FREY et al. 
1990). Spm activity was assayed in transgenic tobacco plants by introducing an 
Agrobacterium tumefaciens T-DNA carrying a dSpm-disrupted GUS gene to
gether with a second T-DNA carrying an intact Spm element (MASSON and 
FEDOROFF 1989). The activity of the trans-activating Spm element or cDNAs was 
judged by the appearance of GUS-positive sectors in transformed calli and plants 
generated from them. Frameshift mutations in ORFs 1, 2, and A markedly 
reduced or eliminated the ability of an intact Spm element to promote excision of 
the dSpm from the GUS gene. A tpnA cDNA was able to complement the defect 
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in elements with frameshift mutations in ORFA, but not ORFs 1 and 2, indicating 
that both TnpA and either TnpC or TnpD were required for dSpm transposition, 
but thatthe intactT npB protein was not required (MASSON et al. 1991). None ofthe 
cDNAs tested supported excision individually, but the combination of the tnpA 
and tnpD cDNAs was found to be both necessary and sufficient to support dSpm 
excision at a high frequency. As described below, TnpA binds to element ends 
and has been postulated to bring element ends together during transposition. 
Nothing is presently known about the properties of TnpD, although it has been 
suggested to be an endonuclease with recognition specificity for Spm ends 
(MASSON et al. 1991). 

3.1.1 TnpA Is a DNA-Binding Protein 

TnpA, the protein encoded by the tnpA transcript, binds to the subterminal 
repetitive regions of Spm, but not to its TIRs (GIERL et al. 1988). The target binding 
sequence has been identified as the 12-bp consensus subterminal repetitive 
element. TnpA binds as a dimer and the optimal binding site comprises a tail-to
tail dimer of the 12-bp binding site (TRENTMANN et al. 1993). Binding is reduced if the 
cytosine residues of the CG dinucleotides and CNG trinucleotides within the 
binding site are methylated (GIERL et al. 1988). When a dimeric TnpA binding site 
was inserted between a cauliflower mosaic virus (CaMV) 35S promoter and GUS 
gene, co-expression of a tnpA eDNA in tobacco protoplasts inhibited expression 
of the GUS gene (GRANT et al. 1990). The latter observation suggests that the 
interaction between the TnpA and the Spm termini is sufficiently strong to 
interfere with transcription from the promoter ofa gene into which a dSpm 
element has inserted, providing a possible explanation for MCCLINTOCK'S initial 
observation that certain dSpm insertion mutations have a null phenotype when a 
nondefective Spm element is present in the same genome, by contrast to their 
ability to express the affected gene at an intermediate level in the absence of a 
trans-acting Spm (MCCLINTOCK 1953, 1954). 

3.2 The Spm Promoter 

The Spm promoter was analyzed in transient assays using Spm promoter-firefly 
luciferase gene transcriptional fusions (COOK and FEDOROFF 1992; RAINA et al. 
1993). The constitutive promoter activity resides entirely in the element's 5' end, 
termed its upstream control region or UCR (BANKS et al. 1988). The GC-rich 
repetitive first exon, termed the downstream control region or DCR, has no 
influence on the basal level of Spm promoter-driven luciferase expression, but 
does attenuate the promoter's response to a nearby enhancer sequence (BANKS 
et al. 1988; COOK and FEDOROFF 1992; RAINA et al. 1993). The UCR contains nine 
copies of the TnpA binding site (sequences with at least 75% identity to the 
consensus binding site) and eight of the nine from tail-to-tail dimers (MASSON et al. 
1987). Consecutively longer deletions extending from the 5' end of the element 
through the UCR result in the progressive loss of promoter activity, suggesting 
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that transcription factor binding sites either coincide with or overlap the TnpA 
binding sites (COOK and FEDOROFF 1992; RAINA et al. 1993). 

4 Genetic Studies on Spm Inactivation and Reactivation 

The Spm element can undergo a heritable, but reversible change in its genetic 
activity (MCCLINTOCK 1957, 1958, 1959, 1961, 1962, 1971). While an inactive Spm 
can neither transpose nor trans-activate expression of a dSpm element, it is 
distinguishable from a dSpm in two ways: it can return to an active form 
spontaneously and it can be transiently reactivated by an active element 
(MCCLINTOCK 1971). Inactive elements differ considerably in the stability of the 
inactive state, as well as the developmental pattern of element reactivation 
(reviewed in FEDOROFF 1983, 1989a). In some cases, the element alternates 
between active and inactive phases frequently during plant development, giving 
a plant that shows a fine mosaicism for element expression. This type of element 
has been termed a cycling Spm (Spm-c). Other elements exhibit heritable 
developmental patterns of inactivation and reactivation in which the element is 
active only in certain plant parts or only in certain areas of a given tissue. Still other 
elements remain largely inactive throughout development, returning to the active 
phase infrequently and late in development. 

At the extreme, an Spm element can be so stably inactive that the frequency 
of spontaneous reactivation approaches the spontaneous mutation frequency 
(FEDOROFF 1989b). Such stably inactive elements have been termed cryptic Spm 
elements and there is evidence that intact elements persist in the maize genome 
in this genetically silent form. Thus the Spm element can exist in a variety 
of genetically distinguishable, heritable states. However, since this type of 
genetic inactivation is reversible, it cannot be heritable in the same sense that 
MCCLINTOCK'S original" states" of a locus were heritable, most of which proved 
to have sustained internal deletions (MCCLINTOCK 1955). Much of the recent work 
on the reversible inactivation phenomenon has focused on the mode of 
inheritance of the inactive state, its molecular correlates, and the conditions under 
which it can be altered (FEDOROFF and BANKS 1988; FEDOROFF 1989; BANKS and 
FEDOROFF 1989). 

4.1 Genetic Properties of Spm Expression Patterns 

Spm elements can be divided into broad classes on the basis of the heritability of 
their activity phase. The Spm element can be either active or inactive at the 
beginning of the plant's developmental cycle and the heritability of the activity 
phase can be either high or low. Fully active elements rarely undergo spontane
ous inactivation early enough in development for the inactivation to be heritable 
(FEDOROFF and BANKS 1988). The precise frequency is difficult to determine 



150 N.v. Fedoroff 

because other genetic changes that affect element activity, such as transposition 
to a new site and self-promoted internal deletions, occur at a high frequency and 
often give identical phenotypes. Similarly, the cryptic form is highly heritable. 
Cryptic Spm elements undergo spontaneous reactivation so infrequently that no 
candidate events were detected in a screen of several hundred thousand kernels 
carrying a dSpm insertion allele capable of detecting the presence of an active 
element anywhere in the genome (N. Fedoroff, unpublished observations). In 
addition to the stably active and inactive forms, there are Spm elements that 
regularly undergo one or more activity phase changes, either from active to 
inactive or vice versa, during plant development, either in a random fashion or in 
a regular developmental pattern (MCCLINTOCK 1957; PETERSON 1966; FEDOROFF and 
BANKS 1988). Such developmental patterns have been termed "programs" of 
Spm expression and elements capable of displaying one or another pattern have 
been termed "programmable". 

4.1.1 Spm Expression Programs 

Spm elements that undergo changes in activity phase during the developmental 
cycle have several common properties that distinguish them as a group. The first 
is that the pattern of phase reversal, defined by its frequency and developmental 
profile, is heritable. The second is that the heritability of a given pattern is far lower 
than the heritability of either the stably active or the cryptic state. The third is that 
the heritability can be altered during development or by the presence of an active 
element. The number of different developmental patterns of Spm expression is 
probably limited and may be determined by some underlying pattern of expres
sion of certain plant genes, whose number and identity are not known. Indeed, 
similar developmental patterns of element expression have surfaced in both old 
and recent studies (MCCLINTOCK 1957, 1958; PETERSON 1966; FOWLER and PETERSON 
1978; FEDOROFF and BANKS 1988; FEDOROFF 1989b). Two of the most common 
developmental patterns are ones in which the element is more active in ears 
produced on tillers than in the ears produced on the main stalk of the plant and one 
in which the element is inactive only in the crowns of kernels. Finally, some 
patterns are more stable than others, changing heritably at a lower frequency. 

4.1.2 An Spm Expression Program Is Heritable, but Relatively Unstable 

A good illustration of the heritability of an expression pattern and the way in which 
it changes is provided by an element isolated during studies on the genetic 
reactivation of cryptic Spm elements (FEDOROFF 1989b). The line in question 
contained an element that exhibited behavior similar to that of an element 
MCCLINTOCK called Modifier because its effect of increasing transposition fre
quency was discernible only in the presence of an active Spm element 
(MCCLINTOCK 1957). The newly isolated Modifier-like element was also active only 
in the presence of an Spm element, but it was almost never expressed in kernels 
receiving it through male gametes (FEDOROFF 1989b). A few exceptional kernels 
«1 %), appearing on ears that received the Modifier-like element through male 
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gametes, were grown and their progeny analyzed. The Modifier-like element in 
ears produced by the plants showed an altered and somewhat higher trans
mission frequency through male gametes, as well as Spm-like activity in some 
kernels after segregation from the Spm element also present in the culture. While 
the Modifier-like element derived from the exceptional kernels still clearly ex
hibited the expression pattern of the parental element, its pattern had been 
heritably altered to more nearly resemble that of a standard Spm element 
(FEDOROFF 1989b). The Modifier-like element in plants grown from sibling kernels 
that showed no alteration had the characteristics of the original element. Thus the 
properties of the Modifier-like element were quite heritable, but proved slightly 
altered in a small fraction of kernels. The alteration was not all-or-none, but 
changed the element's expression pattern so that it more nearly resembled that 
of an Spm element. This suggests that both the Modifier-like element and its 
derivatives were stepwise intermediates in the reactivation of a cryptic Spm. 

4.2 Regulatory Interactions Between Spm Elements 

MCCLINTOCK (1971) provided the first evidence that an element-encoded gene 
product is able to alter the element's activity phase. Although the frequency and 
timing of somatic transposition events is generally not affected by the number of 
active Spm copies in a plant's genome, MCCLINTOCK noted that the pattern of 
alternation between active and inactive phases changed with element copy 
number in the case of an Spm-c element. MCCLINTOCK used an allele of the a2 
gene in which the inserted dSpm element had been immobilized by a subterminal 
deletion (MENSSEN et al. 1990). This mutant allele of the a2gene (a2-m 1) supports 
expression of an almost normal level of pigmentation in the absence of Spm, but 
has a null phenotype in the presence of a fully functional element elsewhere in the 
genome (MCCLINTOCK 1971). 

When the a2-m 1 allele is trans-activated by an Spm element cycling between 
active and inactive phases (Spm-c), pigments are produced only in plant parts in 
which the element is inactive. When using an Spm-c element which undergoes 
frequent changes in activity phase during development, MCCLINTOCK noted that 
the non-pigmented area increased with element copy number. She inferred that 
all copies of the Spm-c must be inactive in order for the a2 gene to be expressed, 
resulting in pigment synthesis. The differences in the size of the pigmented areas 
were sufficiently striking to permit determination of the number of resident Spm 
elements. This" dosage effect" proved important in detecting interactions be
tween Spm elements. MCCLINTOCK found that when an Spm element that had 
been almost completely inactive in several previous generations was brought 
together with an Spm-c element by a genetic cross, it made a contribution to the 
dosage effect equivalent to that of an Spm-celement. MCCLINTOCK (1971) inferred 
from this observation that the Spm-c element reactivated the inactive element. 
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4.2.1 An Active Spm Transiently Reactivates an Inactive Spm 

MCCLINTOCK noted that while two elements having different patterns of inactiva
tion and reactivation were together in a single plant, all of the elements assumed 
the periodicity of the element showing the most frequent alternation of phases 
(MCCLINTOCK 1971). However, the very existence of the dosage effect that 
permitted MCCLINTOCK to detect the interaction between elements implies that 
while all the elements in a plant might assume roughly the same periodicity, the 
synchronization does not extend to the duration of the activity phase. That is, an 
active element might reactivate an inactive one, but it does not control its return 
to the inactive state and the dosage effect arises because more cells contain at 
least one active element if there are two elements present, each undergoing 
inactivation independently, than if only one element is present. In subsequent 
studies, it has become apparent that a fully active element can override a given 
element's pattern of expression, causing it to be active throughout the develop
mental cycle of the plant (FEDOROFF and BANKS 1988; FEDOROFF 1989b). However, 
the response of an inactive Spmto an active one depends on the genetic stability 
of the inactive state. The higher the heritability of the inactive state, the less 
responsive the inactive Spm is to reactivation and cryptic Spm elements show no 
uniform reactivation response. 

4.2.2 Active Spm Elements Promote the Heritable Reactivation 
of Inactive Elements 

Although an inactive Spm element remains in the active phase so long as an 
active element is present, it generally returns to an inactive form when the trans
activating element is removed by meiotic segregation or inactivation (MCCLINTOCK 

1971). Nonetheless, the probability that an inactive element will remain active is 
increased by exposure to an active element (BANKS et al. 1988; FEDOROFF 1989b). 
Thus the introduction and subsequent segregation of a trans-activating element 
substantially increases the fraction of progeny receiving an inactive Spm element 
in a reactivated form. 

Inaddition, the heritability of the inactive phase can change during develop
ment. Spm elements are commonly transmitted in an active phase more fre
quently through tiller germlines than through those produced on the main stalk of 
the plant (MCCLINTOCK 1957, 1958; FOWLER and PETERSON 1978; FEDOROFF and BANKS 

1988). However, even when an element is transmitted through a tiller ear in an 
inactive form, it has a higher probability of being reactivated in the following 
generation than if it had been transmitted through an ear produced on the main 
stalk of the same plant (FEDOROFF and BANKS 1988). This observation implies that 
genetic changes influencing the heritability of the inactive phase can occur during 
development and are not necessarily accompanied by a phase change. 
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4.2.3 Reactivation of Cryptic Spm Elements 

While the cryptic state is extremely stable and heritable, reactivation of cryptic 
Spm elements has been observed after several types of genetic perturbations. 
MCCLINTOCK discovered transposable elements among progeny of plants which 
commenced development with two broken chromosomes 9 and which showed 
evidence of severe abnormalities, both chromosomal and morphological 
(MCCLINTOCK 1945, 1946, 1978). It has also been reported that chromosome
damaging irradiation and passage through tissue culture can activate cryptic 
elements (NEUFFER 1966; BIANCHI et al. 1969; PESCHKE et al. 1987; PESCHKE and 
PHILLIPS 1991). Finally, an active Spm element can reactivate a cryptic element, 
albeit slowly. 

If an active element is introduced into a strain carrying a cryptic Spm element, 
sectorial activation of the cryptic element can be observed at a low frequency 
(FEDOROFF 1989b). By carrying out repeated selection of kernels exhibiting sec
torial reactivation, fully active elements can eventually be recovered. The reacti
vation process is stepwise and gradual, taking as long as several plant 
generations and proceeding through unstable, patterning, readily trans-activated 
intermediates of the type observed in other studies (MCCLINTOCK 1957, 1958, 
1971; PETERSON 1966; FOWLER and PETERSON 1978; FEDOROFF and BANKS 1988; 
FEDOROFF 1989b). 

Reactivating elements exhibit a phenomenon similar to what MCCLINTOCK 
termed "presetting" in which an element that has been reactivated in trans by an 
active Spmexhibits sectorial activity in kernel endosperms immediately following 
segregation away from the activating element, but is not yet heritably activated 
(MCCLINTOCK 1963, 1964, 1965a, 1967; FEDOROFF 1989b). Plants grown from such 
kernels produce ears in which occasional sectors of Spm activity are detectable 
by the ability of the element to trans-activate excision of a dSpm element. 
Sporadic activity of an inactive element after exposure to an active one is 
perceptible for one to several generations before the inactive element returns to 
its previous level of inactivity. These observations underscore the gradual and 
stepwise genetic changes that lead to the activation of an element in the deeply 
inactive form designated cryptic. The genetic stabilization of the inactive state is 
similarly a rather slow process, even with selection. Thus, even after four 
generations of selection for inactivity commencing from an active Spm element, 
it can still be transmitted to a few progeny kernels in an active form (BANKS and 
FEDOROFF 1989). 
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5 DNA Methylation and Epigenetic Inactivation of Spm 

5.1 Methylation Differences and Spm Activity in Maize 

Changes in methylation of C residues along the length of the Spm element were 
investigated using restriction endonucleases whose ability to cut DNA is inhibited 
by methylation of C residues in their cleavage sequences (BANKS et al. 1988; BANKS 

and FEDOROFF 1989). Active and inactive elements alike are methylated through
out most of their sequence, although methylation was not observed to extend 
into neighboring sequences at the locus studied. Inactive elements could be 
distinguished from active elements by methylation of sites in the UCR sequence 
(BANKS et al. 1988). Cryptic Spm elements could be distinguished from less stably 
inactive elements by the extent of methylation in the GC-rich DCR. When the 
methylation of UCR and DCR sites was monitored in a population of plants 
selected through several generations for inactivity, methylation of the UCR was 
detectable and increased before that of the DCR (BANKS and FEDOROFF 1989). 
These observations imply that methylation of the UCR is correlated with element 
inactivity, while increasing methylation of sites in the DCR is correlated with the 
progressive increase in the heritability of the inactive state. 

Developmental changes in the genetic activity of an Spm element are 
likewise correlated with changes in element methylation (BANKS and FEDOROFF 

1989). Regardless of the final level of element methylation, reduced levels were 
observed in embryos. In lines exhibiting more Spm reactivation in tillers than in 
mainstalks, the elements showed lower levels of methylation in the tillers. It has 
also been observed that the element has a higher probability of being transmitted 
in an inactive form through male than through female gametes, and this is 
correlated with higher levels of element methylation in pollen (FEDOROFF and BANKS 

1988; BANKS et al. 1988; BANKS and FEDOROFF 1989). Moreover, the introduction of 
an active element by a genetic cross decreases the extent of methylation of both 
inactive and cryptic Spm elements (BANKS et al. 1988). Consistent with their 
different responses to transient activation by an active element, inactive ele
ments exhibit lower levels of methylation in the presence of a trans-activating 
Spm than do cryptic elements. Thus there is a good correlation between the 
extent of element methylation and not only its phase of activity, but the heritability 
of the inactive phase. The more extensively methylated the element's promoter 
region becomes, the higher the heritability of the inactive phase. The genetic 
properties of the inactivation and reactivation processes suggest that element 
inactivity is maintained and rendered more heritable by increases in the number 
of methylated C residues in the promoter region, particularly in the dense cluster 
of methylatable C residues in the DCR. 
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5.1.1 Spm Is Inactivated and Methylated in Transgenic Plants 

The Spm element is active in transgenic tobacco plants (MASSON and FEDOROFF 
1989). Spm activity has been monitored in transgenic plants by co-introducing a 
CaMV 35-dSpm-GUS construct. Transgenic tobacco callus tissue and plants are 
screened for GUS-positive sectors resulting from excision of the dSpm elements 
in the presence of functional Spm element or ONAs coding for TnpA and TnpO 
(MASSON and FEDOROFF 1989). Transgenic lines containing only a single copy of the 
trans-activating Spm element commonly exhibit progressively fewer GUS-posi
tive sectors with time in culture, while lines containing many copies continue to 
show high levels of Spm activity (SCHLAPPI and FEDOROFF 1992; SCHLAPPI et al. 1993). 
The inactivation occurs in callus culture and is stably maintained when plants are 
regenerated and propagated sexually. Inactivation is accompanied by de novo 
element methylation. Plants exhibiting few or no somatic GUS-positive sectors 
show preferential methylation of sites within the element's UCR and OCR 
sequences. 

5.1.2 Methylation Interferes with Transcription and Transposition 

Spm elements that are methylated at their 5' end are not transcribed, although 
methylation elsewhere within the element does not affect transcription (BANKS 
et al. 1988; KOLOSHA and FEDOROFF 1992; SCHLAPPI et al. 1993). There are also 
indications that element methylation interferes with the transposition even when 
TnpA and TnpO are provided in trans by an active Spm. A full length, but 
extensively methylated, Spm element transposes as poorly as an element that is 
missing the OCR or part of one or both subterminal repetitive regions, even in the 
presence of a fully active Spm (FEDOROFF et al. 1988; BANKS et al. 1988). Moreover, 
an internally deleted element that retains the OCR and normally transposes 
frequently and early in development in the presence of a trans-activating Spm 
transposes much less frequently and later in development when methylated 
(SCHIEFELBEIN et al. 1988; V. Raboy, personal communication). This is not surprising 
in view of the fact thatTnpA is required for element transposition (FREY et al. 1990; 
MASSON et al. 1991) and shows a lower affinity to its binding sequence when the 
internal C residues are methylated (GIERL et al. 1988). 

5.2 The Spm Promoter Is the Target of De Novo Methylation 

The preferential methylation of the Spm element's UCR and OCR sequences in 
tobacco suggested these as targets of methylation. To determine whether the 
Spm's promoter sequence was sufficient for de novo methylation in transgenic 
plants, Spm-promoter-firefly luciferase transcriptional fusions were introduced 
into tobacco by Agrobacterium-mediated transformation (SCHLAPPI et al. 1994). 
The levels of luciferase gene expression were higher by an order of magnitude 
when the luciferase gene was expressed from a UCR promoter only than when 
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the DCR sequence was included in the promoter. This is in marked contrast to the 
observation that UCR and UCR + DCR promoters have equivalent capacities to 
support luciferase gene expression in a transient assay (RAINA et al. 1993). 
Substantially more extensive methylation of the UCR was associated with lower 
ability of the UCR + DCR promoter than the UCR-only promoter to support 
luciferase gene expression in transgenic plants (SCHLAPPI et al. 1994). These 
experiments established that the Spm's promoter region is a sufficient target for 
rapid de novo methylation in transgenic plants. Moreover, they revealed that the 
presence of the GC-rich DCR sequence in some way accelerates de novo 
methylation of the Spm promoter. 

6 TnpA Is a Novel Epigenetic Regulatory Protein 

6.1 TnpA Represses an Unmethylated Spm Promoter 

The effect of TnpA on expression of the unmethylated Spm promoter has been 
studied in transient assays of sufficiently short duration to preclude extensive 
DNA replication-associated methylation. A cDNA coding forTnpAwas expressed 
from promoters of different strengths and introduced into cultured tobacco cells 
with an Spm-promoter-Iuciferase transcriptional fusion by particle bombardment 
(COOK and FEDOROFF 1992; SCHLAPPI et al. 1994). In this type of assay, TnpA was 
found to repress expression of the Spm promoter comprising either the UCR 
alone or both the UCR and DCR sequences. Moreover, co-expression of TnpA 
with the Spm-Iuciferase fusion invariably decreased the level of luciferase acti
vity, although repression decreased with decreasing strength of the promoter 
driving T npA. 

Similar experiments were carried out in stably transformed cells containing a 
hypomethylated UCR-Iuciferase transcriptional fusion (SCHL.A.PPI et al. 1994). A 
tnpA cDNA was introduced into such plants by retransformation. Internal control 
constructs were included to permit the independent monitoring of the intracellu
lar T npA supply by its ability to promote excision of a dSpm element from a 35S
GUS gene. The results of these experiments revealed that TnpA repressed 
expression of luciferase from the hypomethylated promoter at high intracellular 
levels of T npA. Taken together, these observations suggest that T npA represses 
the Spm promoter if it is unmethylated. 

6.2 TnpA Activates the Methylated Spm Promoter 

6.2.1 TnpA Reactivates an Inactive Spm Element 

As described earlier, active Spm elements promote the reactivation of inactive 
elements in maize. The element-encoded protein responsible for element reacti
vation was identified by introducing each of the element's four potential coding 
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sequences into transgenic tobacco plants with an inactive, methylated Spm 
element (SCHLAPPI et al. 1993). Activity of the inactive Spm, as judged by the 
appearance of many large GUS-positive sectors, is restored by the introduction of 
tnpA cDNA either by retransformation or by a genetic cross. None of the other 
element-encoded cDNAs had any effect on the activity of the resident Spm 
element. Genetic reactivation, as judged by the GUS assay, is correlated with 
increase element transcription and decreased methylation of the UCR and DCR 
sequences. Spm activity declines and promoter methylation levels generally 
increase upon segregation of the tnpA cDNA from the element. However, several 
instances resembling "presetting" have also been observed in which the ele
ment remained active and hypomethylated in the generation following segrega
tion of the activating tnpA cDNA (SCHLAPPI et al. 1993). 

6.2.2 TnpA Activates an Inactive Spm Promoter 

The effect of TnpA on the methylated UCR + DCR promoter was examined in 
stably transformed tobacco cells containing a UCR + DCR-Iuciferase construct 
(SCHLAPPI et al. 1994). As noted earlier, the Spm promoter is rapidly methylated in 
such cells and the luclferase gene is expressed at very low levels. A tnpA cDNA 
was introduced into such cells either by retransformation or by a genetic cross. 
Internal control constructs were included to monitor the TnpA concentration by its 
ability to complement TnpD in promoting excision of a dSpm from a 35S-GUS 
gene. Expression of the luciferase gene in such experiments was proportional to 
the supply of TnpA, as judged by the excision assay. Moreover, promoter methyl
ation decreased with increasing luciferase expression. Thus TnpA promotes both 
activation and demethylation of an inactive, methylated Spm promoter. 

Whether TnpA activates the methylated Spm promoter directly or indirectly 
by interfering with methylation is not yet known. Preliminary observations sug
gest that low levels of promoter activation are observed when a tnpA cDNA is 
introduced by particle bombardment into cells containing an inactive, methylated 
Spm promoter. However, these experiments are difficult to interpret because the 
effect is small, either because only a small fraction of the cells receive and 
express the introduced cDNA or perhaps because TnpA is eliciting a response 
from some cells and not others. Thus the question of the mechanism by which 
TnpA activates the methylated Spm promoter remains open. 

6.3 Deletion Studies on TnpA 

Oligonucleotide-binding studies were used to identify the regions of the TnpA 
protein required for DNA binding and for dimerization (TRENTMANN et al. 1993). In 
these studies, a DNA-binding domain was identified between amino acids 122 
and 427 of the 621 amino acid TnpA protein, while a protein-dimerization domain 
was localized between amino acids 428 and 542. Studies were carried out to 
identify the regions of the protein required for its transcriptional repression 
and activation functions (ScHLAPPi et al. 1994). The results of these studies 
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showed that only the DNA-binding and dimerization domains are required for 
transcriptional repression of the un methylated Spm promoter by TnpA A deletion 
derivative of TnpA lacking the N-terminal 122 amino acids was an equivalent or 
better transcriptional Activator of the methylated Spm promoter, while deletion 
derivatives lacking even the C-terminal81 amino acids were no longer active. This 
suggests that the TnpA protein's repressor and activation functions are either 
mechanistically different or require the participation of additional protein co
factors. 

7 Summary and Conclusions 

7.1 TnpA Is a Multifunctional Epigenetic Regulatory Protein 

7.1.1 TnpA Binding Represses Transcription and Promotes Transposition 

TnpA, one of the two proteins potentially encoded by the Spm element for which 
functions have been identified, is both a transcriptional regulatory protein and a 
protein that participates directly in transposition. The multiple functions of TnpA 
are reflected in the sequence organization of the element. The element's promot
er sequence is short and coincides with the 5' subterminal repetitive sequence, 
more than half of which is occupied by nine T npA binding sites. Promoter activity 
is progressively lost as TnpA binding sites are deleted, suggesting that there are 
multiple binding sites for transcription factors coincident with or overlapping the 
TnpA binding sites. The observation that only the DNA binding and dimerization 
domains of TnpA are required for promoter repression suggests that TnpA's 
repressor activity is a direct consequence of its ability to bind to the element's 
promoter and displace transcription factors. 

Although little is known about the role of TnpA in transposition, its ability to 
bind more tightly to the element's promoter than transcription factors may be 
important in the transition from a transcriptionally active element to a transcrip
tionally competent element. It has been suggested that TnpA serves to bring 
element ends together prior to transposition, but direct evidence for this is lacking 
(FREY et al. 1990; MASSON et al. 1991). However, deletion of even a few of its 
binding sites at either element end delays transposition and decreases its 
frequency (SCHIEFELBEIN et al. 1985; SCHWARZ-SOMMER et al. 1985). This suggests 
that most or all of the TnpA binding sites must be present and occupied for 
optimal transposition of the element. Because the binding sites are not all 
identical in sequence, it may be that transposition occurs only at concentrations 
of TnpA sufficient to assure saturation of binding sites with both low and high 
TnpA affinities (Fig. 2). Supporting this interpretation is the observation that 
inhibition of luciferase expression from a hypo methylated promoter in transgenic 
plants was observed only in plants with high levels of TnpA, as judged by its ability 
to stimulate transposition (SCHLAPPI et al. 1994). 
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Fig. 2. A model of Spm regulation. The open boxes represent Spm elements. Open and filled circles 
represent un methylated and methylated sites, respectively. Spm elements are represent as undergoing 
changes in the extent of methylation during the developmental cycle, as described in the text, which 
results in reduced methylation early in development, followed by increasing methylation during 
development in a tissue-specific manner. TnpA is represented as interacting with the element's 5' end 
to maintain it in a transcriptionally active hypo methylated state relative to the remainder of the element. 
Accumulation of TnpA is postulated to inhibit transcription of the element and promote formation of a 
pre-transposition complex in which the element ends are associated with each other through TnpA
mediated interactions. Conversion of the pre-transposition complex to the transpositionally competent 
form is postulated to occur with the addition of TnpD to the complex, followed by transposition to a new 
site. An occasional altemative fate of the pre-transposition complex is proposed to be dissociation, 
releasing the element in a methylation-sensitive form 

7.1.2 TnpA Is a Novel Epigenetic Activator Protein 

The ability of TnpA to activate and promote demethylation of the Spm promoter 
identifies it as the first member of a new class of epigenetic regulatory proteins. 
Whether TnpA activates the methylated promoter directly or indirectly by reduc
ing methylation remains poorly understood. Clearly both may playa role in the 
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ability of TnpA to effect transcriptional reactivation. It is known that when a 
heavily methylated cryptic Spm element is exposed to an active TnpA-producing 
Spm, a substantial reduction in methylation can be observed without concomitant 
evidence of either increased element transcription or element transposition 
(BANKS et al. 1988). Conversely, some promoter methylation is compatible with 
continued promoter expression, and, as noted above, promoter repression 
occurs only at high TnpA levels in transgenic plants. In view of the fact that TnpA 
binds less strongly to sites containing methyl groups, the interaction between 
TnpA and the Spm promoter may be governed by both the extent of promoter 
methylation and the concentration of the protein. 

One of the most interesting aspects of TnpA's interaction with methylated 
Spm promoter is its ability to promote demethylation of sequences outside of its 
binding sites, suggesting that the mechanism by which it influences promoter 
methylation is not a simple competition with methylase for binding to its recog
nition site. Only 12 of the more than 100 methylatable C residues on each DNA 
strand in the UCR and DCR are within TnpA binding sites. The interaction 
between T npA and the methylated promoter results in decreased methylation of 
the entire regions. This may be attributable to the ability of the TnpA to maintain 
the DNA in a configuration that is less favorable or accessible to maintenance of 
methylation during DNA replication. Or its effect may be mediated by compo
nents of the transcription machinery. That is, TnpA binding may promote binding 
of other transcription factors, which in turn decreases the probability of remethyl
ation. Whatever its mechanism of action, it is clear that TnpA can have only a 
modest influence on the extent of element remethylation at any given round of 
DNA replication. This follows from the observation that even in the presence of a 
source of TnpA and even under selection, multiple plant generations are required 
forthe conversion of a cryptic Spm element to a fully active one (FEDOROFF 1989b). 

7.2 Methylation and Spm Element Expression 

The relationship between Spm element expression and methylation is complex. 
Although it is often asked whether promoter methylation is causal or consequen
tial to element inactivation, it may be both. The Spm promoter is extremely weak 
and contains many methylatable C residues, making it a likely target for preferen
tial de novo methylation (BANKS et al. 1988; RAINA et al. 1993; SCHLAPPI et al. 1993). 
Thus methylation may occur because the promoter binds transcription factors 
very weakly and methylation may, in turn, weaken the binding further, facilitating 
more extensive methylation to lock in the inactive phase. At the same time, there 
are developmental changes in element methylation and the levels of element 
methylation are low early in development. This may facilitate the transcriptional 
activation of an element that is not extensively methylated and account for 
differential expression of the element during development (BANKS and FEDOROFF 

1989). However, the observation that the extensively methylated cryptic from of 
the element does not become completely demethylated in the promoter region 
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either early in development or in the presence of a trans-acting Spm suggests that 
while methylation is reduced under these circumstances, it is not entirely 
eliminated (BANKS et al. 1988; BANKS and FEDOROFF 1989). 

Although a cryptic Spm cannot be fully reactivated by a trans-acting Spm, rare 
kernels nonetheless exhibit the reactivated phenotype and the cryptic element in 
such kernels has been heritably altered (FEDOROFF 1989b). This observation 
suggests that the elements in a plant are not a homogeneous, but rather a 
heterogeneous population with respect to the extent of promoter methylation. 
Support for this inference is provided by the observation that different plants 
containing both a cryptic Spm and a trans-activating Spm exhibit considerable 
variation in the extent to which a given site within the promoter is methylated 
(BANKS et al. 1988). The Spm's promoter region contains many methylatable sites 
and all sites tested so far have been found to be almost completely methylated in 
plants with cryptic Spm elements. By contrast, in plants with less stably inactive 
elements, a given element mayor may not be methylated at a particular site in the 
DCR (BANKS et al. 1988). Finally, it takes several generations of selection to derive 
a stably active element from an inactive one or a stably inactive element from an 
active one (BANKS and FEDOROFF 1989; FEDOROFF 1989b). Developmental patterns 
of element expression are observed with elements whose activity phase is not 
highly heritable, and the patterns themselves are heritable but relatively labile 
(FEDOROFF and BANKS 1988; FEDOROFF 1989b). Moreover, methylation differences 
mirror the element's developmental pattern of expression (BANKS and FEDOROFF 
1989). Thus a given developmental pattern of Spm expression appears to be the 
result of the interactions between the germinally transmitted extent or pattern of 
Spm promoter methylation and the methylation changes that occur during 
development. The observation that developmental patterns are heritable sug
gests that the level or pattern of element methylation in one generation is 
reproduced in the next generation. At the same time, the population of elements 
transmitted through the germline exhibits considerable heterogeneity in both 
methylation and genetic activity, providing the potential for selecting either more 
or less active lines. the efficacy of selection implies that the heterogeneity is 
genetic. The relatively slow response time for selecting a fully inactive line is 
consistent with the apparent multisite requirement and the heterogeneity intro
duced in each generation. 

7.2.1 Methylation and the Evolutionary Survival of Spm 

The ability of the Spm element to exist in a cryptic form may be essential for its 
long-term survival in the genome. Active transposable elements cause a variety 
of chromosomal rearrangements and these are often lethal. Moreover, a.ctive 
elements may contribute to their own demise, promoting intraelement deletions 
(MASSON et al. 1987). The stability of the cryptic state may find its explanation in 
the DCR sequence with its multiplicity of methylatable C residues. TnpA binding 
sites are confined to the UCR, yet the heritability of the inactive states is 
correlated with the extent of DCR methylation. When an element is inactivated, 
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methylation of the UCR is detectable before methylation in the OCR, suggesting 
that methylation of TnpA binding sites suffices to inactivate the promoter (BANKS 
and FEDOROFF 1989). But the inactive state becomes highly heritable only when 
the OCR is fully methylated. While the role of the OCR in maintaining the 
heritability of the inactive state is not well understood, it may be that it simply has 
enough methylated sites so that developmental de methylation extensive enough 
to permit spontaneous transcriptional reactivation of the element is extremely 
unlikely. 

Although the reason is not yet known, it is clear that properties of Spm's 
promoter sequence make it a good target for de novo methylation, suggesting 
that the propensity to become methylated might reside in the nucleotide se
quence of the element itself. At the same time, Spm encodes a protein one of 
whose functions is to interfere with methylation and transcriptional inactivation of 
the element. The question of causality, therefore, appears less fruitful than the 
question of why transposable elements have such a mechanism of heritable, 
reversible inactivation. The answer may lie in the paradox that transposition itself 
endangers the survival of a transposable element, simply because of the ever
present potential of causing genetic damage during transposition or by the 
disruption of an essential gene. Transposable elements in other organisms 
possess a hierarchy of mechanisms that redundantly ensure the maintenance of 
a low transposition frequency (reviewed in BERG and HOWE 1989) and it appears 
that at least some of the maize elements do, as well. All of the maize transposable 
elements studied so far exhibit the property of heritable, reversible genetic 
inactivation associated with methylation of certain element sequences. 

As is evident from other chapters in the present volume, plants commonly 
methylate sequences present in multiple copies as a consequence of either 
duplication within the genome or exogenous introduction as transgenes. The 
potential for increasing the redundancy of transposable element sequences in the 
genome is inherent in the transposition process. Thus, regardless of an element's 
primary sequence, inactivation by methylation may be an unavoidable occupa
tional hazard for transposable elements residing in plant genomes. From this 
perspective, it is not surprising to find that plant transposable elements have 
evolved mechanisms that interfere with the inactivating effects of methylation. 
At the same time, it is increasingly evident that all of the maize transposable 
elements have a tendency to undergo self-promoted intraelement deletions. 
Thus elements have not only the potential of creating lethal mutations, but also a 
marked tendency towards self-destruction. There is substantial genetic and 
molecular evidence that plant transposable elements exist in most genomes in a 
cryptic, heavily methylated state. Thus it may be that the long-term genetic 
survival of transposable elements is actively favored by the existence and 
properties of plants' general methylation mechanisms. 
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The genome of the filamentous fungus Neurospora crassa is approximately 100-
fold smaller than that of vertebrates, and contains little repetitive DNA. The 
existence of repeat-induced point mutation (RIP; reviewed in SELKER 1990b) and 
quelling (PANDIT and Russo 1992; ROMANO and MACINO 1992) may account for the 
rarity of repetitive sequences. RIP is a dramatic example of gene inactivation: 
duplicated gene-sized DNA sequences are efficiently detected and peppered 
with transition mutations in the sexual phase of the Neurospora life cycle. 
Asexual inactivation of repeated genes, termed quelling, has also been observed 
in some Neurospora transformants. DNA methylation is often associated with 
quelling and RI P, but methylation has not been demonstrated to be a requirement 
for these processes. Many eukaryotic organisms can silence repetitive genes. 
The phenomena in higher plants referred to as trans-inactivation, co-suppression, 

Institute of Molecular Biology, University of Oregon, Eugene, OR 97403, USA 



166 M.J. Singer and E.U. Selker 

and RIGS (repeat induced gene silencing), reviewed in MATZKE and MATZKE (1993) 
and in other chapters of this volume, show similarities to RIP and quelling. It is still 
unclear, however, whether the phenomena in plants are mechanistically related 
to gene inactivation processes operating in fungi. 

f' Co:.:'~ 't _ ... .. 
/ ASEXUAL ~ , ~~fertlilzmg .comdl~m 
germi.nating CYCLE""" "'" (of opposite mating type) 
conidium / 

germinating 
ascospore 
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Protoperithecium 
(developing fruiting body) 

SEXUAL CYCLE 

~.oy 
~ proliferation of 
, heterokaryotic 
~ hyphae 
'I( 

~ 
~ karyogamy 

H 
~scospores 

••• " .' . 
/ meiosis 
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Fig. 1. Life cycle of Neurospora crassa. Germination of either a vegetative spore (conidium) or a sexual 
spore (ascospore) initiates the asexual cycle. Growth of the germ ling produces branched, multinucleate 
hypha I cells, and maturation results in the characteristic orange conidia. Nitrogen starvation induces 
production of fruiting body precursors (protoperithecia). A haploid nucleus of the opposite mating type 
enters the protoperithecium via a specialized structure and fertilizes a single cell. The resultant 
heterokaryon proliferates in the enlarging perithecium. Dikaryotic cells containing one nucleus of each 
mating type (represented by filled and unfilled circles) at the crest of hook-shaped croziers undergo 
premeiotic DNA synthesis and nuclear fusion (karyogamy) to give the only diploid cell in the life cycle 
(diploid nucleus represented by half-filled circle). Meiosis and one mitotic division immediately follow, 
leading to the development of ordered eight-spored asci. (Reproduced with permission from SELKER 
1990b, copyright 1990, by Annual Reviews Inc.) 
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2 Repeat-Induced Point Mutation 

2.1 Timing and Efficiency of RIP 

Repetitive DNA is highly unstable in the sexual cycle of Neurospora (SELKER et al. 
1987), but duplications are not affected by RIP in vegetative cells. RIP occurs in 
the haploid nuclei of special dikaryotic cells that proliferate during the period 
between fertilization and karyogamy (Fig. 1). Multiple rounds of RI P are thought to 
occur during seven or more replication cycles that precede premeiotic DNA 
synthesis and karyogamy (PERKINS and BARRY 1977; SELKER et al. 1987). Diploidy is 
limited to the zygote, which undergoes meiosis immediately after it is formed. 

~ pre meiotic DNA synthesis 

~ karyogamy 

~ meiosis 

Fig. 2. RIP in an unlinked duplication. Two haploid strains of opposite mating type are illustrated, one 
containing an unlinked duplication. For simplicity, only two chromosomes are shown. Open boxes 
represent a generic wild-type DNA sequence. Filled boxes represent mutated DNA sequences. The 
lightning bolt emphasizes the time in which RIP occurs. The four possible combinations of 
chromosomes in the progeny are represented as a-do If the duplicated segment contains an essential 
gene, c and d are expected to be inviable. DNA methylation can occur in the RIP-altered sequences in 
b, c, and d 
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Because RIP is nucleus limited, a strain containing a duplicated essential gene 
can produce some viable offspring (Fig. 2). 

Repeat-induced point mutation is highly efficient. Tandem duplications of 
gene-sized sequences rarely escape RIP (SELKER et al. 1987; BOWRING and 
CATCHESIDE 1993). Unlinked gene duplications are altered at frequencies of 10%-
70% (SELKER and GARREn 1988; Singer and Selker, unpublished; IRELAN et al. 1994). 
The studies cited above involved genes greater than 1.5 kb in length, but RIP has 
been reported in linked duplicated sequences as short as 383 bp (STADLER et al. 
1991) and unlinked duplicated sequences as short as ",,1 kb (SELKER et al. 1989). 

2.2 Substrate of RIP 

DNA duplications per se activate RIP (SELKER and GARREn 1988). Single-copy 
genes are not affected by RIP, and RIP is not merely a response to integration of 
new DNA (or methylated DNA) into Neurospora chromosomes. Furthermore, RI P 
appears to affect either both or neither elements of a duplication (SELKER and 
GARREn 1988), which suggests that duplicated sequences are altered in a 
pairwise fashion. Support for this conclusion came from investigations of RIP 
in nuclei containing three copies of a gene. In these experiments, zero, two, or 
three copies were affected, but never just one (FINCHAM et al. 1989). Multiple 
rounds of pairwise interactions could have caused alterations in three copies. 
These results suggest that RIP involves a DNA-DNA interaction between homo
logous sequences. 

2.3 Consequences of RIP 

Repeat-induced point mutation results exclusively in G:C to A:T mutations 
(CAMBARERI et al. 1989). The level of mutagenesis by RIP is variable; less than 1 % 
to greater than 10% of the G:C base pairs in an unlinked duplication can be 
mutated during a single sexual cycle (CAMBARERI et al. 1989, 1991; JARAI and 
MARzLuF 1991; SINGER and SELKER, in preparation). Results of hybridization experi
ments suggest that closely linked duplications are more severely affected than 
unlinked duplications (CAMBARERI et al. 1991). A DNA melting experiment revealed 
that a linked duplication of ",,6-kb segment separated by a similarly sized fragment 
had lost ",,50% of its G:C base pairs after two sexual cycles (CAMBARERI et al. 1989). 
Mutations of RI P typically occur throughout the duplicated sequences, but tend to 
be sparser near the edges (CAMBARERI et al. 1989; GRAYBURN and SELKER 1989; 
Singer and Selker, unpublished). Mutations occasionally occur adjacent to dupli
cated sequences, however (Foss et al. 1991; IRELAN et al. 1994). The general 
coextension of mutations and duplicated sequences is consistent with the idea 
that RIP involves a DNA-DNA interaction. Analysis of the local sequence context 
of mutations revealed that RIP has a sequence preference at the dinucleotide 
level: approximately 74% of affected cytosines are 5' to adenines, while approxi-
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mately 14%, 11 %, and 1 % are 5' to thymines, guanines, and other cytosines, 
respectively. The impact of RIP on a gene can be severe, and indeed, Neurospora 
researchers have used RIP to disrupt many genes corresponding to cloned 
sequences (e.g. BELL et al. 1992; CONNERTON 1990; FINCHAM 1990; GLASS and LEE 
1992; HARKNESS et al. 1994; JARAI and MARZLUF 1991; MARATHE et al. 1990; NELSON 
and METZENBERG 1992; SELKER et al. 1989; SELKER and GARREn 1988). 

2.4 RIP-Associated Methylation 

Overall, about 1.5% of the cytosines are methylated in N. crassa DNA (Foss et al. 
1993; RUSSELL et al. 1985). The bulk of the genome appears completely free of 
methylation, but several heavily methylated chromosomal loci are known (Rus
SELL et al. 1985; SELKER and STEVENS 1985). Most, or possibly all, of the methylated 
regions appear to be relics to RIP (GRAYBURN and SELKER 1989; Selker, Tauntas, 
Margolin, Cross and Bird, unpublished). Heavy methylation occurs in the majority 
of DNA segments altered by RIP (SELKER et al. 1987, 1993a; SELKER and GARREn 
1988; SINGER and SELKER, in preparation). Nearly 100% of the cytosines in a 
duplicated segment can be methylated (SELKER et al. 1993a). The degree and 
distribution of the methylation is generally correlated with the degree and 
distribution of the mutations (SINGER and SELKER, in preparation). However, methyl
ated cytosines can be found beyond the duplication boundary and hundreds of 
base pairs from the nearest mutation (SELKER et al. 1993a). No correlation between 
methylation and the number of gene copies is obvious in vegetative cells. 
Although a duplication is required to trigger RIP, any resulting DNA methylation 
can persist even after elements of the duplication segregate in meiosis (SELKER 
and GARREn 1988). DNA-mediated transformation experiments demonstrated 
that sequences altered by RIP typically direct de novo methylation (SELKER et al. 
1987b; SINGER and SELKER, in preparation). Cloned DNA sequences, demethylated 
by amplification in Escherichia coli, became faithfully remethylated after introduc
tion into vegetative Neurospora cells. In contrast, un methylated Neurospora 
sequences, such as wild-type genes, generally did not become methylated. Thus, 
some or all of the RIP-associated methylation is a response to the new sequences 
created by RIP. 

2.5 Possible Mechanisms of RIP 

The pairwise action of RIP and the coextension of mutations and duplicated 
sequences are evidence that RIP involves DNA pairing. This pairing is apparently 
independent of meiotic chromosome pairing. The mei-2 mutant of Neurospora, 
deficient in meiotic recombination and chromosome pairing, is capable of RIP 
(Foss and SELKER 1991). 

It is not clear whether DNA methylation is part of the RIP mechanism. Two 
models for the observed C:G to T:A transition mutations are most favored. In one 
model, RIP causes methylation of cytosines, followed by enzymatic deamination 
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of some or all of the 5-methylcytosines, to give thymines. In a second model, 
cytosines are deaminated to become uracils, which are replaced by thymines 
during replication. The first model requires a failure of G:T mismatch repair, and 
the second model requires a failure of uracil DNA-glycosylase. Neither model can 
be ruled out, but the following observations may be relevant. First, a mutant strain 
of Neurospora containing no detectable methylation is capable of RIP (H. Foss 
and E. Selker, unpublished). Second, some products of RIP are not methylated 
(SELKER and GARREn 1988; Singer and Selker, in preparation). Third, enzymatic 
deamination of cytosine has been demonstrated in vitro with two bacterial 
methyltransferases, M.Hpa II (SHEN et al. 1992) and M. EcoR11 (WYSZYNSKI et al. 
1994). which supports the idea that a DNA methyltransferase may also function 
as a DNA-cytosine deaminase (SELKER 1990b). 

2.6 Recurrence of, and Resistance to, RIP 

Duplications that have undergone RIP become resistant, but not immune, to RIP 
(CAMBARERI et al. 1991; Foss et al 1991). In repeated backcrosses of a strain 
containing a duplication, RIP recurred but with decreased efficiency. The observa
tion that elements of a duplication do not contain identical mutations (CAMBARERI 
et al. 1989; GRAYBURN and SELKER 1989; SINGER and SELKER, in preparation) suggest
ed that sequence divergence might be the primary basis for resistance to RIP. 
Support for this idea came from experiments with altered sequences that had 
acquired resistance to RIP through multiple sexual cycles. When one such 
sequence was cloned and introduced into wild-type Neurospora, it underwent 
RIP at high frequency in multiple copy transformants (CAMBARERI et al. 1991). In 
contrast, a single copy of the cloned sequence did not interact with the native 
unmutated sequence to trigger RIP. The dependence of RIP on a high degree 
of sequence similarity is additional evidence that efficient DNA pairing is a pre
requisite for efficient RIP. 

2.7 Possible Functions of RIP 

Gene inactivation by RIP is irreversible, in contrast to gene silencing by epigenetic 
means. Ascobolus immersus, another ascomycete, and Coprinus cinereus, a 
basidiomycete, inactivate genes reversibly by methylation-induced premeiotical
Iy (MIP, BARRY et al. 1993; FAUGERON et al. 1990; FREEDMAN and PUKKILA 1993). This 
phenomenon is very similarto RIP, except that mutations do not occur. As in RIP, 
duplicated sequences are modified by M I P in a pairwise fashion during the sexual 
cycle (FAUGERON et al. 1990). RIP and MIP may be defense mechanisms aimed at 
selfish DNAs such as transposable elements. Indeed, active versions of the 
transposon, Tad, have been found in only one wild-type strain of Neurospora 
crassa, but relics of Tad exist in all species and strains of Neurospora tested 
(KINSEY 1989; KINSEY and HELBER 1989; KINSEY et al. 1994). As mentioned in Sect. 
2.6, RIP causes duplicate sequences to diverge. For example, the elements of 
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one natural tandem duplication diverged from each other by ",,14% due to RIP 
(GRAYBURN and SELKER 1989). Relative to its native counterpart, a sequence altered 
by RIP can show substantially greater divergence (CAMBARERI et al. 1991). An 
advantage of rapid divergence of repeated sequences may be prevention of gross 
chromosomal rearrangements, such as would result from recombination be
tween unlinked duplications. 

3 Premeiotic Deletion/Recombination 

Repeat-induced point mutation is not the only phenomenon in Neurospora 
affecting repetitive sequences prior to meiosis. Direct repeats are prone to 
premeiotic deletion of one copy of the duplicated sequence and of the intervening 
segment (SELKER et al. 1987; BOWRING and CATCHESIDE 1993). The frequency of 
premeiotic deletion can be greater than 50%. In multiple backcrosses of a strain 
containing a direct tandem duplication, the frequency of premeiotic deletion 
diminished faster than the frequency of RIP, suggesting that premeiotic recombi
nation requires greater homology than does RIP (CAMBARERI et al. 1991). Recent 
findings suggest that these two processes may also differ in their dependence on 
length of homologous sequences. A direct duplication of a ",,2-kb fragment 
separated by a unique sequence of similar size showed efficient RI P without high
frequency deletion (Irelan et al. 1994). 

The nucleolar organizing region (NOR) also is subject to premeiotic recombi
nation (BUTLER and METZENBERG 1989; BUTLER and METZENBERG 1990). The NOR 
consists of an array of ",,1 00-200 tandem copies of a ",,9-kb unit encoding the three 
largest ribosomal RNAs. Expansions and contractions of the NOR are common, 
and up to ",,50% of the repeat units can be lost in a single sexual cycle. It is not 
clear whether these fluctuations in the NOR are related to the premeiotic 
recombination observed with other duplications. 

Both HIP and premeiotic recombination affect pairs of homologous DNA 
sequences. The discovery of premeiotic deletion raised the possibility that RIP 
could be mechanistically related to recombination (SELKER et al. 1987; CAMBARERI 
et al. 1991; IRELAN et aI., in preparation). Unequal sister-chromatid exchange is 
probably not responsible for the deletions, since direct duplications do not 
generate triplications (SELKER et al. 1987; IRELAN et al. 1994). One model accounts 
for deletion in a direct linked duplication by intrachromosomal crossover ("Ioop
out"). To test this model, an inverted duplication flanking a unique sequence was 
examined for intrachromosomal crossovers. Inversion of the intervening se
quence was detectable, but its frequency was lower than the frequency of 
deletion of this sequence when flanked by direct repeats (IRELAN et al. 1994). This 
observation suggests that reciprocal crossovers are not responsible for the high 
frequency of deletion observed in direct repeats. Because RIP also affects 
unlinked duplications at a high frequency, the possibility that ectopic recombina
tion is associated with RIP was explored. In strains with two copies of the mtr 
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gene, one native and one ectopic, RIP occurred at high frequency, but was not 
accompanied by gene conversion or crossover (IRELAN et al. 1994). The lack of a 
correlation between RIP and ectopic recombination suggests that either these 
processes are mechanistically unrelated or that RI P works against recombination 
between unlinked repeats. 

4 DNA Methylation 

4.1 Functions of Methylation 

The control and function(s) of DNA methylation are not clearly understood in 
Neurospora, or for that matter, in any eukaryote. DNA methylation is generally 
correlated with gene inactivity (reviewed in JOST and SALUZ 1993). Numerous 
studies demonstrate that methylation of promoter sequences can repress tran
scription in higher eukaryotes, although the extent to which organisms exploit this 
tool is unclear. Methylation can affect transcription in Neurospora as well. 
Preliminary results involving genes altered by RIP indicate that some methylated 
Neurospora sequences can be transcriptionally reactivated by preventing DNA 
methylation (Singer and Selker, unpublished; Rountree, Irelan and Selker, unpub
lished; see also Sect. 5 below). 

Neurospora, unlike the mouse (LI et al. 1992), appears to have no absolute 
requirement for DNA methylation. A mutant of Neurospora having no detectable 
cytosine methylation has been isolated (Foss et al. 1993). 

4.2 Distribution and Control of Methylation 

In higher eukaryotes, 5-methylcytosine is primarily located in symmetrical se
quences such as the dinucleotide CpG. Such methylation is hypothesized to be 
stably propagated by a "maintenance methylase" that acts upon hemimethylated 
sites in newly synthesized DNA (GRUENBAUM et al. 1981; HOLLIDAY and PUGH 1975; 
RIGGS 1975). In Neurospora, specific chromosomal regions are faithfully methyl
ated, but methylated cytosines are not limited to symmetrical sites (SELKER and 
STEVENS 1985). Genomic sequencing revealed no preference of the methylase for 
any oligonucleotide sequence (SELKER et al. 1993a). Furthermore, methylation is 
heterogeneous within clonal cultures of Neurospora. These observations conflict 
with the maintenance methylase model and suggest that Neurospora may 
perpetually reestablish methylation in specific regions, but lacks a system to 
propagate specific patterns of cytosine methylation (SELKER 1990a). Direct at
tempts to detect maintenance of methylation patterns imposed on transforming 
DNA have not revealed evidence of maintenance methylation of arbitrary se
quences in N. crassa (Lommel, Cambareri, Miao, Margolin and Selker unpub-
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lished}. This distinguishes Neurospora from Ascobolus since the existence of 
M I P implies that Ascobolus is capable of maintenance methylation (RHOUNIM et al. 
1992; SELKER 1993). 

As mentioned above, cytosine methylation is often associated with RIP. The 
best characterized methylated DNA sequences are: {1} a naturally occurring relic 
of RIP, the zeta-eta {s-l1} region {SELKER and STEVENS 1985} and {2} an allele of the 
am gene, amRIP.SM, that was obtained by induction of RIP in the laboratory {SELKER 
et al. 1993a}. Both of these sequences, but not their unaltered progenitors, cause 
methylation de novo {SELKER et al. 1987b; SELKER and STEVENS 1985; Singer and 
Selker, in preparation}. Several types of models can be imagined for how point 
mutations cause normally un methylated sequences to become methylated. In 
one class of models, the mutations create cis-acting oligonucleotide sequences 
that invite methylation. In another class of models, a higher order {non-sequence
specific} change in the structure or property of a region triggers DNA methylation. 
It is possible, for example, that the increased A + T content and/or increased 
density of TpA dinucleotides resulting from RIP somehow leads to methylation. 

The tandemly repeated rDNA represents the only example of an endogenous 
methylated region in Neurospora that is not obviously a relic of RIP {PERKINS et al. 
1986; RussEL~ et al. 1985}. It is not clear whether methylation of the rDNA is due 
to its sequence, its nuclear location, its high copy number, or some other 
unknown factor. Another possibility is that RIP occurs in a fraction of the repeats, 
and that the contractions and expansions of the NOR reflect repair or elimination 
of mutated repeat units. 

Transforming DNA. including foreign DNA sequences and some Neurospora 
sequences, can be methylated in the absence of RIP (BuLL and WoonoN 1984; 
ORBACH et al. 1988; SELKER et al. 1987b). Methylation of bacterial vector sequences 
in asexually propagated transformants appears to be position dependent, be
cause it occurs in some single or multicopy transformants but not in others 
{SELKER et al. 1987b}. While duplication of sequences is not sufficient to trigger 
methylation in asexual cells of Neurospora {transformants with multiple copies of 
unmethylated transforming DNA are common, SELKER and GARREn 1988; MiAO et 
al. 1994}, copy number may playa role in the methylation of trans-genes {ORBACH 
et al. 1988; PANDIT and Russo 1992; ROMANO and MACINO 1992}. In one case, loss of 
methylation of bacterial vector sequences in a two-copy transformant was 
associated with loss of one of two copies of the transforming DNA {SELKER et al. 
1993b}. 
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5 Quelling! Asexual Inactivation of Genes 

5.1 Observations on Asexual Inactivation 

Gene duplications are not normally inactivated in the vegetative phase of the 
Neurospora life cycle. Several duplications that underwent RIP at high frequency 
in the sexual cycle were found to be stable in vegetative cells (Garrett, Irelan, 
Kinsey and Selker, unpublished). Nevertheless, asexual inactivation of trans
genes and their endogenous homologs has been reported in Neurospora (PANDIT 
and Russo 1992; ROMANO and MACINO 1992). Romano and Macino observed 
inactivation of endogenous genes when they transformed with homologous 
sequences, and termed the phenomenon" quelling". The a/-1 and a/-3 (albino) 
genes were quelled by fragments of the respective genes, including fragments 
not containing promoter sequences. Reduced steady-state concentrations of the 
transcript were observed in affected transformants, suggesting that quelling acts 
at the level of transcription or transcript stability. Spontaneous reversion of one 
transformant to the wild-type phenotype was associated with reduction in copy 
number of the transforming DNA (ROMANO and MACINO 1992). PANDIT and Russo 
reported inactivation of a foreign gene (hph) in some transformants with a copy 
number greater than one, but no inactivation in single-copy transformants. 
Phenotypic reactivation was induced by 5-azacytidine in some cases, suggesting 
that cytosine methylation may playa role in inactivation in these cases. High 
frequencies of reversion reported in both studies indicate that quelling does not 
involve mutations. Spontaneous reactivation was reversible in one study (PANDIT 
and Russo 1992), but was unidirectional in the other (ROMANO and MACINO 1992). 
Thus, Neurospora has at least one asexual mechanism for epigenetic inactivation 
of repeated genes. 

5.2 Possible Mechanisms of Asexual Inactivation 

Several possibilities for the mechanism of asexual inactivation can be imagined. 
Gene expression could be inhibited by: (1) DNA methylation, (2) an alternate 
chromatin structure, (3) titration of regulatory factors, (4) altered nuclear location 
of repeated sequences, or (5) antisense RNA or other post-transcriptional means. 
DNA methylation is an attractive candidate, but it does not appear to be strictly 
correlated with inactivation. If methylation is involved, it is not clear how methyl
ation is directed specifically to repeated sequences. Models involving other 
epigenetic factors, such as chromatin structure, are attractive but difficult to test. 
ROMANO and MACINO (1992) concluded that antisense RNA could not be responsi
ble for quelling because inactivation occurred at high frequency when they 
transformed with gene fragments lacking a fungal promoter. Similarly, titration of 
transcription factors would not be predicted to occur when a promoter is not 
included in the transforming DNA. 
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At this point, no single model unites all of the repetitive-gene silencing 
phenomena observed in fungi and plants. RIP and MIP are most likely initiated by 
a DNA-DNA interaction between a pair of homologous sequences, but there is no 
strong evidence that pairing is involved in asexual phenomena such as quelling, 
co-suppression, and trans-inactivation (for more discussion of this point see 
ROSSIGNOL and FAUGERON 1994). It will be exciting to elucidate the silencing 
mechanisms and discover how widely they conserved. 
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The filamentous fungus Ascobo/us immersus is a haploid and heterothallic 
Ascomycete belonging to the class Discomycetes ("cup fungus"). Ascobo/us 
was introduced as material for genetic studies by Georges Rizet (LISSOUBA et al. 
1962). It has been used for years as a model organism for investigating meiotic 
recombination. In this species, each ascus is composed of eight haploid spores 
(four pairs), and each pair of spores is issued through a mitotic division from one 
of the four meiotic products arising from an individual meiosis. Wild-type spores 
display a dark-brown pigmentation. Spore color mutants exhibiting white as
cospores can be screened, using a binocular microscope. In crosses between 
wild-type and mutant strains, mendel ian segregations yield four wild-type (dark
brown) and four mutant (white) spores. Asci showing departures from mendelian 
segregations are easily scored. They reflect the occurrence of gene conversion 
events resulting from the process of meiotic recombination. One spore color 
gene, named b2, was extensively used for studying meiotic recombination. The 
genetic study of segregation and recombination patterns in crosses heterozygous 
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for one or several allelic mutations in b2 provided valuable information about the 
formation of recombination intermediates (reviewed in ROSSIGNOL et al. 1988; 
NICOLAS and ROSSIGNOL 1989). 

In order to study genetic recombination at a molecular level, we have 
developed genetic transformation tools. The initial goals were on the one hand to 
use genetic transformation to clone the b2 spore color gene by complementing 
b2 mutant strains, and on the other hand to allow the construction of genetically 
engineered strains via gene replacement, using in vitro modified transgenes. 
Several methods of gene replacement were actually set up (GOYON and FAUGERON 
1989), whereas the cloning of b2 had to be achieved by another procedure using 
genomic subtraction (Colot and Rossignol, manuscript in preparation). The 
analysis of transformant strains led FAUGERON et al. (1989) to an unexpected 
observation: transformants resulting from either homologous or nonhomologous 
integration were highly unstable through sexual reproduction. The loss of the 
transformant phenotype was shown to result from a premeiotic event leading to 
the inactivation of the transgene (GOYON and FAUGERON 1989). This event occurred 
only when two identical DNA segments (e.g., the transgenic copy and the 
resident one) were present in the haploid transformant strain. DNA analysis 
showed that transgene inactivation was associated with methylation of the 
cytosine residues belonging to the duplicated segment. This process was later 
termed MIP (standing for methylation induced premeiotically). We shall sum
marize here the main features of MIP. 

2 Methylation Induced Premeiotically (MIP) Is Triggered 
by the Presence of DNA Repeats 

In the first experiments, a met2 mutant strain was transformed by plasm ids 
harboring the wild-type met2 allele. This led to four types of transformants 
(Fig. 1). Types i and ii had integrated transgenic copies into ectopic positions, via 
nonhomologous integrative recombination; type i had integrated only one trans
genic copy (FAUGERON et al. 1989) whereas type ii had integrated several copies 
clustered at a single site (RHOUNIM et al. 1994). Type iii had integrated one or 
several transgenic copies via homologous recombination at the resident met2 
locus and thus bore tandem repeats of met2 (GOYON and FAUGERON 1989). Type iv 
resulted from the substitution of the resident mutated allele by the transgenic 
wild-type met2 allele (FAUGERON et al. 1989). All these transformants displayed a 
stable Met+ phenotype through vegetative propagation of the mycelium, but they 
were not all stable through sexual reproduction. Almost 100% of the progeny of 
type ii and iii transformants (GOYON and FAUGERON 1989; RHOUNIM et al. 1994) and 
about 50% of the progeny of type i transformants (FAUGERON et al. 1989) lost the 
Met+ transformant phenotype through sexual reproduction. Only type iv transfor
mants remained fully stable (FAUGERON et al. 1989). Southern analysis of DNA from 
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Fig. 1. Different types of transformants obtained using a transgene (thick-hatched box) from Ascobolus. 
The homologous resident gene in the recipient cell (thin-hatched box) can correspond, according to the 
experiments, either to the mutant or to the wild-type allele. Vector DNA is represented by a thin line; two 
distinct chromosomes in the recipient cell are represented (thick black line, harboring the resident gene, 
and thick hatched line). Type i: integration of a single transgenic copy at an ectopic site (unlinked to the 
resident gene). Type ii: integration of several transgenic copies at a single ectopic site. Type iii: 
integration of one transgenic copy (or several such copies) via homologous recombination at the resident 
locus, leading to a direct tandem repeat of the transgenic and resident copies. Type iv: substitution of the 
resident copy by the transgenic one 

the auxotroph derivatives of type i, ii and iii transformants showed that the 
transgene had not been excised: the loss of the transformant phenotype thus 
resulted from transgene inactivation. 

The observation that instability through sexual reproduction occurred with all 
type i, ii, and iii transformants that contained several copies of met2 (the resident 
copy, plus at least one transgenic copy) but not with type iv transformants that 
contained only one copy of it suggested that the MIP inactivation process was 
dependent on the presence of more than one copy of the target gene in the same 
haploid parent. Further observations clearly showed that this was the only 
condition for triggering MIP. Transformation experiments were set up, using the 
amdS gene from Aspergillus nidulans, which is absent from the wild-type 
Ascobolus strain. Two types of transformants, selected for their ability to use 
acetamide as nitrogen source (Amd+ phenotype), were obtained. Type 1 trans
formants each contained a single transgenic copy (Fig. 2) integrated at different 
genomic sites according to the transformant (FAUGERON et al. 1990). Type 2 
transformants each contained several transgenic copies clustered at a single 
genomic site (RHOUNIM et al. 1994). In crosses with the wild-type strain, type 1 
transformants appeared fully stable, transmitting the Amd+ phenotype to the 
whole transformant progeny (FAUGERON et al. 1990). In contrast, crosses of type 2 
transformants with wild type always gave a progeny which had completely lost 
the Amd+ phenotype (RHOUNIM et al. 1994). FAUGERON et al. (1990) intercrossed 
type 1 transformants (for example 1 a and 1 b, see Fig. 2). In such crosses, where 
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Fig. 2. Different types of transformants obtained using a foreign transgene (hatched box) which has no 
equivalent in the recipient cell. Vector DNA is represented by a thin line; two distinct chromosomes in 
the recipient cell are represented (thick black line and thick hatched line). Type 1 transformants have 
integrated one transgenic copy; in types 1 a and 1 b, the integration occurred at different sites. Type 2 
transformants have integrated several copies clustered at a single site 
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Fig. 3 a, b. Timing and conditions of MIP triggering. Panel a represents a cross between two haploid 
strains, each carrying a single copy (copy a or copy b) of a foreign transgene integrated at two different 
genomic sites, as do transformants 1 a and 1 b of Fig. 2. In panel b, and a and b copies are in the same 
parental strain. Fertilization in Ascobolus results in formation of dikaryotic cells containing each of the 
two parental haploid nuclei. These cells will undergo several mitotic divisions, followed by karyogamy. 
In the resulting diploid nuclei which enter meiosis, each copy has undergone premeiotic DNA replication 
(represented by the a and b duplicated boxes). In panel b, transgene inactivation resulting from MIP is 
represented by blackened boxes. In each panel, the four possible meiotic products are shown 
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each parent harbored one copy of amdS (inserted at different genomic sites), M I P 
never occurred. In the progeny of these crosses (Fig. 3a), they isolated Amd+ 
strains which had inherited both transgenic copies, one from each parent, as a 
result of meiotic segregation. These strains that contained two unlinked amdS 
copies were crossed with the wild-type strain (Fig. 3b). In the progeny of these 
crosses, some (about 50%) of the asci displayed inactivation of amdS. Inactiva
tion appeared in all the products of individual meiosis having inherited the amdS 
transgene, indicating that both copies had been inactivated simultaneously. This 
showed that MIP occurs before meiosis. Otherwise, crosses where each of the 
two amdS copies is brought by one parent and crosses where both amdS copies 
are brought by the same parent should have produced the same result, since 
they give identical diploid cells after karyogamy. Thus, MIP is initiated at some 
time between fertilization and karyogamy, and its triggering needs the presence 
of DNA repeats (at least two copies of the same DNA segment) in the same 
haploid parent. 

3 Stability and Reversibility of MIP Silencing 

One transformant harboring two unlinked wild-type copies of met2 (the resident 
copy and the transgenic copy integrated at an ectopic site) was further obtained. 
When this transformant was put into a cross, both met2 copies became simul
taneously inactivated by MIP (RHouNIM et al. 1992), as was the case with amdS. 
Strains having inherited only one copy of met2 (the inactivated resident wild-type 
copy), as a result of meiotic segregation, were isolated from the progeny and 
used to study the stability of inactivation ( RHOUNIM et al. 1992). It was shown that, 
in the absence of selection, inactivation was faithfully maintained through mitotic 
divisions. Although stable, inactivation can be reversed. All the strains tested 
(several hundred), harboring either one or two copies of the inactivated met2 
gene, were shown to revert when put in selective conditions. This spontaneous 
reversion was usually detected 5-30 days after transfer onto selective medium. 
In this case, reversion probably occurred first in one nucleus among the thou
sands of nuclei which were present in the piece of mycelium placed on selective 
medium. Reversion occurred faster in the presence of the demethylating agent 5-
azacytidine. This shorter delay is likely to reflect an increased probability per 
nucleus to revert, consistent with the involvement of cytosine methylation in 
inactivation (see below). These observations suggest that inactivation corre
sponds to a reversible epigenetic silencing process. The fact that inactivation 
persisted in individual meiotic products that had inherited only one of the two 
copies which had been subject to MIP indicates that two copies are not needed 
for maintaining silencing, in contrast to the requirement of two copies for 
triggering MI P. Despite the fact that they are all able to revert, the silenced strains 
are remarkably stable, even after sexual reproduction, since it was shown that 
inactivation was faithfully maintained through five successive sexual cycles. 
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Interestingly, in the progeny of crosses between one parent harboring only the 
inactivated resident copy and one parent harboring an active wild-type resident 
copy, the inactivated state segregated as a mutant allele (i.e., faithful mendelian 
segregations were observed). 

4 Intensity and Extent of Methylation 
Resulting from MIP 

The first indication that MIP silencing was associated with cytosine methylation 
was obtained by GOYON and FAUGERON (1989), who studied transformants harbor
ing a tandem duplication of a 5.7-kb fragment, obtained by homologous integra
tion of the transforming DNA. This tandem was constituted of the met2 mutant 
(resident) allele and the wild-type met2 (transgenic) allele. Southern analysis of 
the DNA from Mer derivatives indicated that both the resident and the transgenic 
met2 copies had undergone methylation (restriction enzymes sensitive to cyto
sine me~hylation did not cut their recognition sites located within the duplicated 
segment). 

A further study was carried out upon transformants having two wild-type 
copies of met2 duplicated either in tandem array, following homologous integra
tion, or in unlinked positions, following nonhomologous integration (RHOUNIM et al. 
1992). Whatever the duplication, MIP silencing always involved both met2 
copies. Southern analysis using pairs of restriction enzymes that recognize the 
same restriction site, but that are either sensitive or insensitive to cytosine 
methylation, showed that restriction sites located within the duplicated seg
ments had undergone cytosine methylation and were never mutated. The ab
sence of mutation was further demonstrated by DNA sequence analysis which 
failed to show any change in the base sequence of the silenced genes. This 
important finding clearly distinguishes MI P from RIP (repeat-induced point muta
tion), a related process acting in the filamentous Ascomycete Neurospora crassa, 
which not only leads to cytosine methylation, as does MIP, but also to C to T 
transition mutations (SELKER 1990a; see also the chapter by M.J. Singer and E.U. 
Selker, this volume). The source of the differences between MIP and RIP was 
discussed (ROSSIGNOL and FAUGERON 1994). Because of the similarity between the 
two processes, it would have been possible that MIP was in fact a deficient RIP 
(i.e., in the laboratory Ascobolus strain studied, a mutation would have changed 
the RIP process into MIP, allowing methylation only, and preventing point 
mutations). This possibility was checked in another Ascobolus strain recently 
isolated from the wild. MIP (and no RIP) was observed in this strain (Faugeron, 
Gregoire and Rossignol, unpublished results), confirming that MIP is indeed a 
biologically relevant process not restricted to laboratory strains. 

Transformant strains in which met2fragments of different sizes (1.2-5.7 kb) 
had been integrated at positions unlinked to the resident wild-type met2 copy 
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were studied with respect to M I P by BARRY et al. (1993). The eight resulting 
duplications (which encompassed distinct parts of the met2gene) were all able to 
trigger methylation of the resident gene during sexual reproduction. Southern 
analysis showed that the extent of methylation depended on the size of the 
duplication and was coextensive with it, possibly with lower intensity close to the 
borders. Barry, Faugeron and Rossignol (unpublished results) duplicated smaller 
and smaller fragments of the met2 open reading frame (ORF). When repeats 
were unlinked, the frequency of MIP triggering decreased with the size of the 
duplication. The smallest duplication tested was 630 bp long. It was subject to 
MIP (monitored by the methylation of restriction sites in the resident gene) with 
a frequency of 3%. They also tested tandem duplications of decreasing sizes and 
showed that a 457-bp duplication was still able to efficiently trigger methylation of 
the duplicated portion. In contrast, no methylation could be detected when the 
size of the tandem duplication dropped to 317 bp. 

GOYON et al. (1994) used the bisulfite genomic sequencing method (FROMMER 
et al. 1992) to determine the methylation status of every cytosine residue in a 
strain in which the entire ORF of the met2 gene had undergone MIP. Several 
individual molecules all issued from the replication of a single molecule initially 
subject to MIP were sequenced. In each molecule, the methylation extended 
over almost the whole length of the previously duplicated segment. The extent of 
methylation was precisely delimited and constant in each of the molecules, 
leaving un methylated a close to 100-bp region located within the duplicated 
segment next to each end. In none of the molecules did the methylation resulting 
from MIP extend beyond the ends. Although all the DNA molecules were not 
methylated with the same intensity, all cytosine residues in the methylated 
portion could be methylated (the level of methylation varying between 43% and 
95% of the Cs per DNA molecule, among 39 DNA molecules sequenced). Most 
of these Cs belonged to nonsymmetrical sequences. This contrasts with the 
situation in higher eukaryotes, in which most, if not all, methylation is at short 
symmetrical sequences such as CpG or CpNpG. Only two other cases of dense 
nonsymmetrical methylation have been reported so far. One concerns methyl
ation in a transgene promoter of Petunia hybrida (MEYER et al. 1994). The other 
case is in Neurospora, for genomic segments that have undergone RIP (SELKER et 
al. 1993). However, methylation in Neurospora is very likely mediated by a de 
novo methylase whose recognition signal is constituted by the RIP-induced 
mutations (SELKER 1990b), whereas in Ascobolus methylation resulting from MIP 
has been shown to be perpetuated by a maintenance mechanism (RHOUNIM et al. 
1992) which must involve a sequence-nonspecific maintenance methylase. 
Methylation in Ascoboluswas found to be the best maintained at Cs belonging to 
CpG dinucleotides. Indeed, among 50 Cs belonging to CpGs, 40 were methylated 
in 100% of the molecules sequenced. This suggests that a CpG-specific methyl
ation activity is superimposed, or coordinated with the sequence-nonspecific 
maintenance methylation activity. 
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5 Transcriptional Effects of Methylation 
Resulting from MIP 

The duplication of a subfragment of the met2 gene is sufficient not only to trigger 
methylation, but also to silence the resident gene. Indeed, BARRY et al. (1993) 
showed that silencing of the resident met2 gene was triggered by duplication of 
segments corresponding to the region 5' to the ORF, to only the open reading 
frame, or to segments beginning 0.87-1.2 kb downstream from the transcription 
start. The smallest duplication able to trigger silencing was that of the 630-bp 
segment corresponding to the upstream portion of the met2 ORF (Barry, 
Faugeron and Rossignol, unpublished results). However, no gene silencing was 
detected with the 457-bp duplication, which still triggered methylation. 

Northern analysis was performed on silenced strains where methylation 
involved either the entire met2 gene or only the region 5' to the ORF. In both 
cases transcripts were undetectable. In contrast, a low amount of short tran
scripts was observed when methylation began downstream from the transcrip
tion start (BARRY et al. 1993). Two such cases were further investigated: RT-PCR 
analysis indicated that these short transcripts were initiated in the same region as 
in the wild type and had the size expected if methylation were to block transcript 
elongation. This shows that methylation is responsible for gene silencing by 
preventing correct transcription of the methylated gene. 

6 MIP Affects Both Artificial and Natural DNA Repeats 

All the artificially repeated DNA segments (via transformation) tested were 
shown to undergo M I P during sexual reproduction (FAUGERON et al. 1990; RHOUNIM 
et al. 1994; Colot, Maloisel and Rossignol, unpublished results). This includes the 
resident genes met2 and b2, as well as the foreign genes amdSfrom A. nidulans 
and hph from Escherichia coli. MIP always happens when the DNA repeats are 
clustered in tandem array (RHOUNIM et al. 1992, 1994), whereas its frequency is 
variable (between 8% and more than 90% of the premeiotic cells) with unlinked 
duplications. 

Natural DNA repeats are likely to constitute the actual targets of MIP. In order 
to check this hypothesis, natural DNA repeats were searched for in an Ascobolus 
genomic library, on the basis of the stronger hybridization signal they gave when 
probed with total DNA (Goyon, Rossignol and Faugeron, unpublished results). 
Twelve distinct DNA repeats were thus detected. Eight of them clearly showed 
methylation. In contrast, all the unique DNA sequences tested did not show 
methylation. Three of the 12 DNA repeats were further investigated. Two of 
them showed heavy methylation, as would be expected if they were subject to 
MIP. They have been called Mars1 and Mars2 (Mars stands for "methylated 
Ascobolus repeated sequence"). Mars1 is present in more than 50 copies, and 
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corresponds to a LINE-like element. Mars2is present in morethan ten copies and 
may also belong to the retrotransposon family. The third DNA repeat studied did 
not shows methylation. It corresponds to 5S rDNA. The 5S rDNA copies are 
dispersed in Ascobolus. The length of these repeats (120 bp) is smaller than 
the minimum size required for MIP, determined in experiments using artificial 
repeats. 

rDNA encoding the 28S, 18S, and 5.8S rARN is present in Ascobolus in more 
than 100 tandem repeats, the unit size being almost 9 kb. These repeats also 
show methylation, but its intensity is much lower than that of usual MIP 
methylation (Goyon and Faugeron, unpublished results). Further investigation is 
required to decide whether rDNA is protected against MIP, its methylation 
resulting from another process, or whether MIP methylation is not efficiently 
maintained in the rDNA repeats. 

7 MIP Involves Homologous DNA-DNA Interactions 

The observation that two dispersed copies of the amdS gene present in the 
same haploid parent were always simultaneously silenced when subject to MIP 
prompted FAUGERON et al. (1990) to check the silencing of three dispersed copies. 
They observed that MIP never led to the silencing of one copy only, confirming 
previous results. When it occurred, either two out of the three copies or all three 
of them were silenced. This observation allowed them to rule out hypotheses 
according to which all the copies would be silenced at once (as observed in plants 
when co-suppression occurs: see JORGENSEN 1993, for a review). It constituted an 
argument favoring the occurrence of a DNA-DNA pairing step allowing the copies 
to find each other and to become silenced. In this interpretation, the silencing of 
the third copy would be triggered by two successive pairing events, in which one 
copy would be involved twice: two copies would be silenced following the first 
event, the third copy being silenced after the second pairing event. Reconstitution 
experiments in which one parent strain harbored two silenced copies and one 
active copy showed that the active copy was frequently subject to M I P, indicating 
that a methylated inactive copy was thoroughly efficient in triggering MIP of 
another copy. The hypothesis of a direct DNA-DNA interaction step during the 
M I P process is strengthened by the observation that the length of the methylated 
area is dependent upon the length of the duplication (BARRY et al. 1993). 

The RIP process acting in Neurospora, which is closely related to MIP, is 
likely to be triggered by the same type of direct DNA-DNA interaction between 
repeats (SELKER 1990a). The question is open as to whether search for homology 
in both MIP and RIP is mediated by the same mechanism as in genetic recombi
nation or by different ones (see ROSSIGNOL and FAUGERON 1994, for a discussion). 
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8 Biological Significance of MIP 

That silencing involves pairs of copies appears (up to now) a specific feature of 
MIP (and RIP as well). as compared to repeat-induced gene silencing phenomena 
occurring in plants (see ROSSIGNOL and FAUGERON 1994, for a discussion). These 
raises the question of the generality of MIP and RIP processes. Several puzzling 
observations prevent us from providing a simple answer. For example, species 
closely related to Neurospora (i.e., Sordaria macrospora and Podospora anserina, 
belonging like Neurospora to Pyrenomycetes) do not show RIP (nor MIP). 
whereas Ascobo/us, where the RIP-related MIP process operates, belongs to 
Discomycetes, a fungus class different from Pyrenomycetes. These fungi all 
belong to the Ascomycotina subdivision. A process, described in Coprinus 
cireneus, which belongs to the Basidiomycotina subdivision, was also called MIP 
by FREEDMAN and PUKKILA (1993). Actually, this process (which also occurred in the 
dikaryotic phase, after fertilization) led to only slightly methylated repeats and 
usually did not result in gene silencing. That MIP and RIP appear so scattered 
among fungus species raises still unsolved questions about their evolutionary 
origins and their biological roles. If the natural targets of MIP and RIP are natural 
repeats, then they may be envisioned as processes ensuring genome stability. 
MIP and RIP might control the mobility of transposons by inactivating them and 
hence limiting the number of repeats. Cytosine methylation per se might inhibit 
inter-repeat recombination which generates chromosome rearrangements, just 
as it inhibits site-specific recombination leading to the maturation of immuno
globulin genes (GOODHART et al. 1993). Then, it is not clear why such processes are 
observed in some species but not in other, closely related, species. What is the 
nature of the selection pressures that lead to the losing (or the acquisition) of M I P 
(or RIP)? 

On a more general point, do similar processes targeted at DNA repeats and 
playing a role in genome stability act in other eukaryotes, particularly plants and 
animals? 

It seems that maize has evolved a mechanism in which cytosine methylation 
is involved in the control of transposition of mobile elements. The evidence 
comes from studies on the changes in the activity states of three transposable 
elements, Ac, Spm, and Mu, for which loss of activity has been clearly correlated 
with DNA methylation (FEDOROFF 1989, for a review). Similarly to MIP methylation, 
methylation associated with an inactive maize transposable element does not 
extend into flanking genomic sequences. In addition, the pattern of methylation 
and the activity state of transposable elements is stably inherited through 
meiosis, with only a low frequency of reversion to an active state. Whether DNA 
methylation has a regulatory role in transposition in other plants is not yet known, 
since only partial data are available. When introduced into tobacco, the Tam3 
element from Antirrhinum is able to transpose, and suppression of transposition 
is associated (but not clearly correlated) with methylation of the inactive elements 
(MARTIN et al. 1989). When transferred into tobacco or into Arabidopsis, the maize 
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Ac element displays a low transpositional activity; methylation does not account 
for such a low activity since, in these plant species, Ac remains hypomethylated 
(NELSEN-SALZ and DORING 1990; KELLER et al. 1992). 

In human, the one million short Alu repeats, which result from the retrotrans
position of an RNA intermediate, are broadly distributed throughout the genome. 
They are very rich in CpG dinucleotides (9%), as compared to total human DNA 
(1 %). In somatic tissues these CpGs are extensively methylated (SCHMID 1991), 
while they are highly undermethylated in sperm and their methylation is develop
mentally regulated (HELLMANN-BLUMBERG et al. 1993). Llu and SCHMID (1993) pro
posed roles for DNA methylation in both Alu transcriptional repression and 
mutational inactivation: first, methylation would limit transcriptional and therefore 
transpositional competence of Alu repeats; second, methylation would inactivate 
Alu repeats through mutations due to very rapid transition of 5-methylcytosine to 
thymine. This would place the older Alu repeats (which are likely to have 
undergone more inactivating mutations) at a selective disadvantage in the retro
transpositional pathway. 

The discovery of RIP in Neurospora followed by that of MIP in Ascobolus 
together with the observation that sequence divergence by well-spread 
point mutations is a potent inhibitor of homologous recombination (RAYSSIGUIER 
et al. 1989; WALDMAN and LISKAY 1987) prompted KRICKER et al. (1992) to hypo
thesize an active and efficient mechanism possibly used by eukaryotes to 
maintain genome stability after the amplification of sequences giving identical 
repeats. The authors proposed and tested a model (by analyzing mammalian and 
other gene sequences) for a defensive strategy in which inter-repeat recombina
tion is controlled by a germ line process able to identify duplicated sequences by 
homologous pairing, modify them by CpG methylation, and mutate them by C to 
T transitions. The model helps to explain the diversity of CpG frequencies in 
different genes. 

These observations in plants and mammals are consistent with the idea that 
processes, perhaps not totally identical to MIP and RIP, but sharing common 
features with them, could act in these organisms. Even if processes similar to 
MIP and RIP are widespread in higher eukaryotes, one should keep in mind that 
in some organisms, such as yeast and drosophila, cytosine methylation has 
not been detected, and that the lack or scarcity of methylation may not fit 
the occurrence of such processes. One may thus speculate that MIP- and RIP
related processes may correspond to strategies developed by living organisms to 
ensure genome stability along with other processes which still have to be 
evidenced. For example, the inhibition of transposition by transposition repres
sors (FINNEGAN 1992, for a review) means that specific proteins may recognize 
specific targets in the DNA sequence of mobile elements. In the same way, 
WALLIS et al. (1989) evidenced a gene whose product, a topoisomerase, lowers 
recombination between 0 yeast repeated sequences, and GOTILIEB and EASTON 
ESPOSITO (1989) showed that the SIR2 protein inhibited recombination between 
rDNA repeats in yeast. This suggests that proteins may recognize DNA sequenc
es specific to natural repeats and inhibit inter-repeat recombination by acting as 
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recombination repressors, hence constituting an alternative pathway to RIP or 
MIP in the stabilization of genomes. 
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"After such a sUNey one could readily come to the conclusion that the basis of 
the phenomenon is much too complex for profitable continuation of its investi
gation at this time". [W. K. BAKER (1968), in a review entitled "Position-effect 
variegation. "] 

Gene silencing phenomena are now known to be widespread in eukaryotes. 
But for many prior decades, investigation of gene silencing was largely limited to 
a phenomenon known as position-effect variegation (PEV) in Drosophila. Numer
ous studies of PEV have led to a wealth of obseNations resulting in a general set 
of rules that might lead one to expect that the phenomenon should be well 
understood (LEWIS 1950; BAKER 1968; SPOFFORD 1976; HENIKOFF 1990). However, 
Baker's lament reveals a frustration that these observations and rules had not 
elucidated the causal basis for PEV. Nevertheless, progress in understanding 
genetic mechanisms since Baker's time, in addition to recent insights into PEV 
and other gene silencing phenomena in flies, have led to a new optimism among 
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workers in the field. What is also emerging from recent work is that gene 
silencing phenomena in other organisms might have a similar mechanistic basis 
to those observed in Drosophila. 

2 Chromosomal Silencing or Specific Downregulation? 

Silencing can occur when a gene is moved to an unaccustomed position, a type 
of position effect. Position effects are germinally stable, so that many lines appear 
unchanged even after maintenance in the laboratory for several decades without 
selection. In Drosophila, a commonly observed position effect is up- or down
regulation of a transgene that depends on the site of insertion (SPRADLING and RUBIN 
1983; LAURIE-AHLBERG and STAM 1987). In these cases, it is thought that nearby 
regulatory elements affect expression, perhaps involving interactions between 
the promoter of the inserted gene and transcription factors binding to flanking 
regulatory sites. These considerations have led to an "enhancer trap" strategy 
based on position effect that is widely used in studies of developmental regula
tion (BIER et al. 1989). To the extent that these position effects are caused 
by elements that regulate specific genes, they might be distinguished from 
"chromosomal" position effects that occur because a gene is in an unaccus
tomed chromatin environment. Just what is meant by "environment" is specula
tive, and it might be that there is no rigid distinction between specific elements 
that downregulate genes and determinants of chromatin environment. The 
present discussion of silencing will be limited to chromosomal position-effect 
phenomena that are thought to reflect environmental differences, with the caveat 
that until there is a better mechanistic understanding of such differences, this 
distinction might be artificial. As an operational criterion, chromosomal silencing 
phenomena usually involve mosaic and random, ratherthan uniform or patterned, 
effects on gene expression. 

This review will consider several distinguishable position-effect phenomena 
involving gene silencing. PEV refers specifically to silencing involving incompati
bility between euchromatin and heterochromatin, which are contrasting states 
observed cytologically. Euchromatin, where most of the genes reside, decon
denses at interphase and appears less dense at metaphase than heterochro
matin. Heterochromatin, where few genes are found, is visible as condensed 
chromocenters during interphase, typically associated with the nuclear envelope 
(HESLOP-HARRISON et al. 1993). Heterochromatin in Drosophila forms almost entire
ly at blocks of repetitive DNA mostly simple sequences of various five to ten base 
repeats, as well as moderately repetitive sequences apparently derived from 
transposable elements (JOHN and MIKLOS 1988; LOHE et al. 1993). About the time 
that heterochromatin was first described (HEITZ 1929)' Muller reported PEV as 
"eversporting displacements" involving chromosome rearrangements that place 
euchromatic genes adjacent to pericentric heterochromatin (MULLER 1930). It has 
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been thought that the altered chromatin structure characteristics of heterochro
matin "spreads" from the rearrangement breakpoint into adjacent euchromatic 
genes, causing their inactivation (SPOFFORD 1976). PEV also can occur when a 
gene normally found in heterochromatin is juxtaposed to euchromatin. A different 
type of position-effect silencing is seen when a transgene inserts onto the tip of 
a chromosome (HAZELRIGG et al. 1984). In each of these examples of silencing, a 
gene is placed in a position that is known to be different based on cytological 
criteria. However, for other examples of silencing considered here, there are no 
obvious cytological differences between the normal and altered environments. 
Rather, it appears that specific regulatory elements carried on transgenes can 
mediate silencing interactions between homologous sequences. 

3 Position Effects and trans-Sensing Effects 

In general, a position effect is a change in gene expression based on its altered 
position in a chromosome. It is possible to prove that a change in expression is a 
position effect either by removing the sequences causing the position effect or by 
removing the gene to a new position with restoration of normal function. There 
are several examples of PEV and telomere position effect in which one or the 
other of these proofs has been accomplished. For example, PEV has been proven 
in several cases by obtaining a second rearrangement that separates the affected 
gene from heterochromatin or by recombination that restores the gene to its 
normal position on an unrearranged chromosome, accompanied by restoration of 
full gene activity (SPOFFORD 1976). For genes carried on transposons subject to 
PEV or telomere position effect, it is generally easy to prove a position effect by 
transposition to a new site leading to restoration of activity (LEVIS et al. 1985). It is 
more frequent, however, that a position effect is assumed without direct proof. 
Rather, a mutation follows the "rules," so that PEV is inferred. For example, 
LINDSLEY and co-workers (1960) found that about 25% of x-ray induced lethal 
mutations on the X chromosome were suppressible by addition of an extra Y 
chromosome, which is known to be a general suppressor of PEV (see below). 
Cytological examination revealed that in every case examined, there was a 
chromosomal rearrangement placing a site on the X chromosome adjacent to 
heterochromatin. So although position effect was not proven, nor was it possible 
to observe mosaicism, the Y-suppressible letha Is conformed with rules for PEV, 
leading the authors to conclude that PEV on vital loci is a frequent result of x-ray 
induced rearrangement. 

Another class of position-dependent phenomena in Orosophila result from 
chromosome pairing interactions in trans, typically between allelic genes on 
homologs, and not from interactions in cis with neighboring sequences. Such 
"trans-sensing" effects occur because a gene senses the state of its homolog via 
somatic pairing, whereby homologous chromosomes are closely associated 
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along their lengths (TARTOF and HENIKOFF 1991). Suspected trans-sensing effects 
are proven by disrupting the association of homologs with concomitant restora
tion of normal expression, analogous to proofs of position effects in cis. While 
most trans-sensing effects are thought to reflect specific gene regulatory mech
anisms, others might involve more general chromosomal phenomena. The best 
understood trans-sensing effect is the zeste-white interaction, in which paired 
wild-type copies of the white gene are reduced in expression in the presence of 
the zeste 7 mutation (GANS 1953). For many years it was assumed that the zeste 
gene is involved in some way in somatic pairing or in gene silencing in general. 
However, demonstration that zeste protein acts as a positive transcription factor 
with unusual properties provided an alternative explanation for repression across 
homologs (BICKEL and PIRROTIA 1990). Zeste protein binds specifically to multiple 
elements upstream of white and other genes, forming multimeric complexes. 
The zeste7 mutation increases the size of multimers to a point that contact is 
made between paired, but not unpaired homologous copies of white. 

Elucidation of the mechanism underlying the zeste-white interaction pro
vides an important lesson that might be widely applicable to gene silencing 
phenomena. Silencing per se might not be biologically relevant, but rather a 
consequence of interfering with a system that has evolved to do something quite 
different, in this case, activation of specific genes. It must be kept in mind that the 
study of gene silencing phenomena involves disturbing a gene to the point that a 
phenotype is seen, so there is no guarantee that silencing is a normal feature of 
the system in question. This caution applies to PEV and telomere position effect 
as well. There is no evidence that genes are normally silenced in Drosophila 
because of their position in the genome, such as is the case for X inactivation in 
placental mammals. As has been shown for zeste7, position effect phenomena 
can provide insight into features of genes and chromosomes that are not readily 
accessible in other ways, but because these effects are aberrant, the biological 
relevance of the phenomena cannot be assumed. 

4 Using PEV to Study Components of Heterochromatin 

Position effects can provide powerful genetic tools for understanding essential 
features of chromosomes. For example, the study of telomere position effect in 
yeast has led to tantalizing insights into the role of proteins participating in 
telomere function, such as RAP1 (KYRION et al. 1993). Similarly, the study of PEV 
in Drosophila has led to the isolation of genes that encode trans-acting factors 
very likely participating in heterochromatin formation. As this is the most active 
area of PEV research, involving work in several laboratories, it has been reviewed 
extensively in recent years (EISSENBERG 1989; GRIGLIATII 1991; REUTER and SPIERER 
1992). For our purposes, it will suffice to summarize what is known about trans
acting factors, using the well-studied HP1 protein as a paradigm for proteins 
belonging to this class. 
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HP1 was discovered as a nonhistone chromosomal protein present at high 
levels in early embryos (JAMES and ELGIN 1986). The protein is present in the single 
fused chromocenter in polytene salivary nuclei and in the heterochromatin 
of metaphase chromosomes (POWERS and EISSENBERG 1993). The gene encoding 
HP1 corresponds to a dosage-dependent suppressor-of-variegation, Su(var)205 
(EISSENBERG et al. 1992). Like other Su(var) loci, loss-of-function mutations in 
Su(var)205 act as general suppressors of PEV when heterozygous, such that 
nearly every tested example of PEV is at least partially suppressed in the 
presence of half the normal dosage of Su(var)205 (GRIGLIATII 1991). Conversely, 
increasing the dosage of the Su(var)205 gene causes enhancement of PEV 
(EISSENBERG et al. 1992). Not all Su(var) loci show enhancement with increased 
dosage, suggesting a difference between the fully dosage-sensitive loci such as 
Su(var)205, which might encode specific structural components of heterochro
matin, and other Su(var)s, which might have other roles (GRIGLIATII 1991). 

Multiple Su(var) mutations act additively when in combination (HENIKOFF 
1979; GRIGLIATII 1991). A model accounting for this additivity, as well as for the full 
dosage sensitivity of Su(var)s, is that proteins encoded by these genes form a 
complex, and it is the concentration of the complex that determines how much 
heterochromatin can form (LOCKE et al. 1988). If the concentration of the complex 
is determined by the product of concentrations of each of its components by the 
mass action law, then a reduction in the dosage of a single component will reduce 
the concentration of the complex, whereas an increase in dosage will increase 
complex concentration. Similar considerations apply to fully dosage-sensitive 
Enhancer-of-variegation loci, except that these would participate in complexes 
that favor euchromatin formation. The success of the mass action model in 
accounting for additive effects of multiple dosage-dependent loci has led to its 
wide, though not universal (SPRADLING and KARPEN 1990), acceptance. 

Position-effect variegation can also be modified by changing the dosage of 
the Y chromosome (SPOFFORD 1976), a general feature of the phenomenon known 
since the early 1930s, when position effect was one of the most widely discussed 
topics in genetics. While some evidence suggests that the Y chromosome 
includes specific dosage-sensitive loci encoding trans-acting factors (involved in 
euchromatin formation by the mass action model), other evidence argues that the 
Y acts as a sink for heterochromatic complexes (DIMITRI and PISANO 1989). This 
latter possibility is consistent with the mass action model since the Y is a fully 
heterochromatic chromosome, accounting for more than 20% of all heterochro
matin in males, and would be expected to be effective in titrating out complexes 
needed for heterochromatin formation elsewhere. 

So a straightforward picture is emerging from studies of Su(var) genes, that 
the fully dosage-sensitive loci encode subunits of a complex that participates in 
heterochromatin formation. The question then arises as to how many proteins are 
present in such a complex. In the absence of biochemical isolation, we can only 
speculate based on counting Su(var)s. In the past, estimates have varied from 
about 20 to 200. One reason for this wide range is that estimates at the lower end 
are based on the expected frequency of fully dosage sensitive loci (LOCKE et al. 
1988), whereas estimates at the upper end are based on all detected Su(var)s 
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regardless of dosage sensitivity (HENIKoFF 1979; Wl)STMANN et al. 1989). But these 
estimates assume that screens for Su(var)s are sufficiently thorough and sensi
tive to detect most loci encoding components of the predicted heterochromatic 
complex. This is an open question, given that genetic screens generally detect 
only very strong suppressor loci, even though examples of weak suppressors are 
known (HENIKoFF 1979). Consequently, all that can be said is that there are 
probably dozens of different proteins present in the predicted heterochromatic 
complex, of which only a few are currently known. Of the four Su(var) genes 
whose sequences are currently available, none show protein sequence similarity 
to one another. However, HP1 has an intriguing similarity to the Polycomb 
protein, a likely component of a complex involved in developmental silencing of 
homeotic genes. The alignment comprises a 37 amino acid motif with 24 
identities (PARO and HOGNESS 1991)' which suggests that these proteins have 
similar roles as subunits of their respective complexes. While the cloning of 
genes based on Su(var) phenotype has been illuminating so far, further progress 
might require advances in vitro methodology. Even then, genetics will be crucial 
to distinguish between real components of the phenomenon and artifacts. 

5 Active Genes in Heterochromatin 

It is often assumed that heterochromatin is inert, based on its frequent involve
ment in gene silencing phenomena. This is untrue. For example, the vast majority 
of transcription in Drosophila comes from the genes for the large ribosomal 
RNAs, which are located within the pericentric heterochromatin of the X chromo
some and on the fully heterochromatic Y. One might object that the nucleolar 
organizer regions do not qualify as heterochromatic regions because the nucleoli 
are specialized organelles. Similar objections might be raised concerning several 
transcribed loci on the Y chromosome shown to specify male fertility factors 
(HENNIG 1990). However, cytogenetic analysis indicates that these are extremely 
large genes that extend well into fully condensed regions (GATII and PIMPINELLI 
1992). In addition, even heterochromatic regions that are not distinctive in any 
cytological or functional sense have been shown to contain otherwise ordinary 
genes. A few of these genes have been studied in detail. The light gene, located 
in the distal pericentric heterochromatin of chromosome arm 2L, causes lethality 
when null and leads to a reduction in eye and malpighian tubule pigmentation 
when expressed at reduced levels (LINDSLEY and ZIMM 1992). The gene appears to 
be pleiotropic and is expressed throughout development. Similarly, the rolled 
gene, located in the proximal pericentric heterochromatin of chromosome arm 
2R, encodes the Drosophila homolog of a tyrosine protein kinase, a regulatory 
protein that appears to be broadly expressed in flies (BIGGS and ZIPURSKY 1992). 
Several other vital loci have been mapped to heterochromatin, in addition to 
concertina, a maternal effect gene required for egg viability (LINDSLEY and ZIMM 
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1992). So heterochromatin is not inherently silent. It seems relatively inert 
because of the low gene density. 

Molecular analysis of light shows this heterochromatic gene is embedded in 
moderately repetitive DNA, with numerous such repeats in introns, in contrast to 
euchromatic genes, which reside in regions with few repetitive sequences 
(DEVLIN et al. 1990). It would seem that a distinguishing feature of heterochromatic 
genes is that they have adapted to an environment consisting of high concentra
tions of repetitive sequences. This apparent adaptation is reflected in the PEV of 
heterochromatic genes, induced by rearrangements that juxtapose them to distal 
euchromatic regions. A remarkable inverse response to PEV modifiers is seen: 
extra Y chromosomes and some Su(var)s enhance PEV of heterochromatic 
genes, whereas lack of the Y in males suppresses, just the opposite of what is 
consistently seen for euchromatic genes (HEARN et al. 1991). A similar situation 
appears to apply to centromeres, which invariably are embedded in heterochro
matin. In one unique chromosome, a very proximal break that juxtaposed a 
centromere to euchromatin caused nondisjunction with frequent premature 
separation of sister chromatids (WINES and HENIKOFF 1992). The effect was 
enhanced by Su(var)s and an extra Y chromosome and suppressed in males 
lacking a Y, suggesting PEV of a centromere. Thus a variety of functions appear to 
require a heterochromatic environment, and these are disrupted when moved 
distally to euchromatic regions. 

An important insight that came from studies of heterochromatic gene PEV is 
that very long-range rather than more local interactions are involved in silencing of 
these genes (BAKER 1968). For PEV of euchromatic genes, breaks are usually 
nearby, rarely more than a few hundred kilobases away from the affected gene. 
In contrast, any proximal break appears to be capable of causing PEV of hetero
chromatic genes, so long as the gene is moved to a distal position (WAKIMOTO and 
HEARN 1990). What is important is not whether a heterochromatic gene is moved 
distally, but whether the heterochromatic block in which it lies is moved far away 
from other heterochromatic blocks (EBERL et al. 1993). These findings suggest 
that the cytologically observed chromocenter, comprising heterochromatin 
joined together from different regions, provides the necessary heterochromatic 
environment for normal function of heterochromatic genes. 

While long-range effects might be interpreted as a feature of PEV specific for 
heterochromatic genes, recent results have shown that long-range effects also 
playa role in euchromatic PEV (TALBERT et al. 1994). In this study, a large 
heterochromatic insertion causing PEV of the euchromatic brown gene was 
found to show weaker PEV when moved distally and stronger PEV when moved 
proximally as a result of chromosome breaks that were very distant from the 
insertion itself. Thus the ability of a block of heterochromatin to inactivate a 
euchromatic gene depends on how close it is to the bulk of heterochromatin in 
the cell, consistent with the notion that euchromatic genes are inactivated when 
they are drawn into the chromocenter. PEV might then be seen a nuclear 
mislocalization phenomenon, with affected heterochromatic genes mislocalized 
away from the chromocenter (WAKIMOTO and HEARN 1990; EBERL et al. 1993) and 



200 S. Henikoff 

affected euchromatic genes targeted into the chromocenter (TALBERT et al. 1994). 
In both cases gene dysfunction results. 

6 "Spreading" Reconsidered 

The above hypothesis, that PEV of euchromatic genes such as white and brown 
results from their mislocalization of "looping" into the chromocenter, seems at 
odds with dogma in the field that attributes PEV to the spreading of inactivation 
along the chromosome (SPOFFORD 1976). Spreading has been proposed to involve 
initiator elements within heterochromatin and terminator elements within eu
chromatin (TARTOF et al. 1984; EISSENBERG 1989; GRIGLIATII1991), even though no 
such elements have been identified. The evidence for spreading derives in large 
part from the observation that there is a polarity in the effect of a heterochromatic 
breakpoint on nearby euchromatic genes, such that a gene closer to heterochro
matin is more severely affected in expression that a gene farther away (SPOFFORD 
1976). However, the polarity of spreading is also consistent with looping of nearby 
genes into the condensed chromocenter, where the probability of getting drawn 
in generally decreases with distance. Spreading and looping are not necessarily 
incompatible models. For example, X chromosome inactivation in placental 
mammals might involve long-range looping of special sequences into the X 
inactivation center followed by the "reeling" in of adjacent regions (RIGGS 1990). 

The spreading model has been challenged on other grounds as well. PEV 
appears to be all-or-none, with completely mutant and completely wild-type spots 
and clonal patches appearing at random in the affected tissue. It would seem that 
gene loss could explain such phenotypes, and indeed there is a remarkable 
resemblance of PEV to transposase-induced gene loss (HENIKOFF et al. 1993). This 
resemblance has spawned alternatives to the spreading model over the years 
(SCHULTZ 1936; PROCUNIER and TARTOF 1978; SPRADLING et al. 1993). The most recent 
is based on a chromosome elimination model for under-representation of hetero
chromatic sequences in polytene nuclei (SPRADLING et al. 1993). It must be kept in 
mind that even if elimination is shown to occur in polytene cells, it does not 
necessarily follow that elimination is the basis for PEV. In fact, there are cases of 
PEV in which gene loss has been excluded as a mechanism for PEV (HENIKOFF 
1981; RUSHLOW et al. 1984; HAYASHI et al. 1990; UMBETOVA et al. 1991). For example, 
a PEV allele affecting the 28 polytene chromosome puff, seen as compaction of 
the puff site and failure to puff, showed no reduction in gene copy number when 
DNA was purified from the tissue in which inactivation was observed (UMBETOVA 
et al. 1991). Here PEV occurred in polytene cells without gene loss. For genes 
such as white and brown, where PEV occurs in tissue that is likely to be diploid, 
there is even less reason to favor a gene loss mechanism, since underrepresen
tation of heterochromatin appears not to occur in diploid tissue (SPRADLING et al. 
1993). So even if an example of gene loss is found to accompany PEV, the 
elimination model cannot be a general explanation of the phenomenon. 
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7 A Relationship Between PEV and Somatic Pairing? 

Position-effect variegation models for spreading and mislocalization into (or away 
from) the chromocenter leave open the question as to what is responsible for the 
cytological differences between heterochromatin and euchromatin. This ques
tion is especially pertinent given that euchromatic regions subject to PEV some
times appear heterochromatic in polytene nuclei. The normal banding pattern is 
disrupted, leading to a pebbly appearance typical of distal heterochromatin 
(HARTMANN-GOLDSTEIN 1966; HENIKOFF 1990). The mechanistic basis for banding in 
polytene chromosomes is not understood, except that the precise alignment of 
chromatids and homologous chromosomes plays an important role: all of the 
strands from both homologs must be precisely paired throughout their length in 
order to see banding. This correlation between euchromatic and perfect banding, 
and heterochromatin and disrupted banding led to the idea, now 50 years old, that 
somatic pairing is a component of PEV (EPHRUSSI and SUDON 1944). Strong 
evidence now exists that pairing between homologous chromosomes is respon
sible for the unusual dominance of brown PEV (HENIKOFF et al. 1993). Here it 
appears that heterochromatin formation at the copy of brown in cis to a PEV 
breakpoint can interact directly with the trans copy brought near by somatic 
pairing of homologs, resulting in trans-inactivation of the somatically paired allele. 
This trans-sensing effect is thought to occur because of an unusual feature of a 
brown-specific transcription factor which makes it sensitive to contact with 
heteroch romati n. 

Other recent work has implicated somatic pairing of contiguous sequences in 
the formation of heterochromatin itself. Since heterochromatic sequences con
sist of large blocks of repetitive DNA, repeated sequences within these blocks 
might be expected to pair out of register (WAKIMOTO and HEARN 1990). Such 
associations would result in the disorganized appearance and fusion of the 
polytene nucleus chromocenter and could be essential for creating a suitable 
environment for heterochromatic genes and centromeres. Support for this view 
comes the study of repeat expansions in euchromatin (DORER and HENIKOFF 1994). 
PEV of the white gene occurs at sites of white-bearing P-transposons when the 
transposon is amplified in tandem at the site. As few as three copies of the 
transposon were associated with variegation that was sensitive to modifiers of 
PEV, with more extreme variegation occurring with increased copy number. The 
characteristic PEV phenotypes and the full responses to PEV modifiers indicated 
that heterochromatin was forming at affected sites. Since the transposon did not 
include any sequences normally found in heterochromatin, it would seem that 
heterochromatin formation does not require special sequences. Rather, the self
association of closely linked repeats is sufficient to target the region to the 
chromocenter, where it becomes part of heterochromatin. 

These observations might be relevant to gene silencing phenomena 
in general. While effects similar to PEV have been seen in other organisms, it 
has not been possible to infer that heterochromatin was responsible in the 
absence of previous experience with heterochromatin-induced phenomena or 



202 S. Henikoff 

known modifier loci specific for heterochromatin formation. But constitutive 
heterochromatin is found in all higher eukaryotes; it invariably consists of repeti
tive DNA and shows very similar cytological characteristics. Thus, parallel obser
vations of gene silencing associated with repeated sequences suggest a similar 
underlying mechanism for heterochromatin formation. In Arabidopsis, silencing 
was reported to be associated with multiple tandem duplications of a repeated 
endogenous gene (ASSAAD et al. 1993). This "repeat-induced gene silencing" 
(RIGS) can likewise be explained as local formation of heterochromatin. Other 
examples of RIGS in plants might fall into the same category, including transgene 
repeats causing trans-inactivation and co-suppression (MATZKE et al. 1994). Here 
the multiple copies participating in heterochromatin formation are not closely 
linked in cis to one another, but in trans at nonallelic positions. Such participation 
of trans copies in heterochromatin formation has been inferred from studies 
of brown trans-inactivation, in which closely linked duplications of the gene both 
in cis and in trans lead to stronger mutant effects (J. Sabl and S.H., unpublished 
results). 

In vertebrates, numerous claims of position effects associated with silencing 
have been reported in which tandem arrays of transgenes at different sites show 
a lack of copy number dependence on expression (PALMITER and BRINSTER 1986; 
Stief et al. 1989). In no case is proof presented that neighboring sequences are 
involved, leaving open the possibility that silencing is an inherent property of the 
transgene arrays themselves (DAVIS and MACDoNALD 1988). These might be 
examples of local heterochromatin formation resulting from somatic pairing of 
the tandem copies and subsequent targeting into chromocenters (DORER and 
HENIKOFF 1994). Variation in the degree of expression from line to line can then be 
accounted for by the distance of an insertion site from nearby blocks of hetero
chromatin, not from interference by neighboring sequences. This is a testable 
hypothesis, since it predicts a correlation between the degree of silencing and the 
distance from large heterochromatic blocks for insertions of transgene arrays 
with the same copy number. 

As a corollary to the heterochromatin hypothesis for transgene silencing in 
vertebrates, sequences that prevent silencing would be those that prevent 
targeting of the array into a heterochromatic environment. For the chicken 
lysozyme gene, a matrix or scaffold attachment region (MAR or SAR) was shown 
to be effective, leading to full copy number dependence of expression when each 
of the tandem copies included the chicken lysozyme MAR element (STIEF et al. 
1989). The interpretation of these experiments was that the MARs were acting as 
insulators by preventing position effects caused by neighboring sequences. But 
in Drosophila, proven position effects are prevented by flanking insulator ele
ments that have no detectable MAR activity, and conversely, MARs fail to 
insulate (KELLUM and SCHEDL 1992; CHUNG et al. 1993). Therefore, we have 
proposed that MARs prevent mislocalization into the chromocenter by attach
ment of each copy in a tandem array to a fixed matrix, not by preventing 
interference from neighboring regulatory elements as supposed (DORER and 
HENIKOFF 1994). Endogenous MARs might similarly prevent heterochromatin 
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formation at natural gene repeats. For example, MARs have been mapped to the 
Drosophila histone gene repeats, present in an array very close to heterochro
matin (MiRKOVITCH et al. 1984). 

If heterochromatin formation at repeat arrays in euchromatin occurs in 
vertebrates, it is interesting to consider what might be the fate of trinucleotide 
repeat expansions that are responsible for several human diseases. Just as 
higher copy number of a transgene above a threshold is thought to cause the array 
to be targeted into a chromocenter, similar mislocalization might occur when any 
sequence becomes locally repetitive. Important factors would be the length of 
the repeat (or the number of units). the distance from the nearest heterochro
matic block along the chromosome, and the distance to flanking MARs that 
would function to prevent mislocalization. By this model, trinucleotide repeat 
arrays may be thought of as targeting elements that can lead to heterochromatin 
formation at sequences mislocalized to a chromocenter. Earlier, LAIRD (1987) had 
proposed that the fragile-X syndrome, now known to be caused by trinucleotide 
repeat expansion, involves heterochromatin formation. The basis of this disease 
could be mislocalization of the fragile-X region into a chromocenter. 

8 Telomere Position Effect 

Compared to the extensive literature concerning PEV, there are only a few 
published studies describing telomere position effect in Drosophila. One report 
demonstrated that when a white gene carried on a P-transposon was mobilized to 
a subtelomeric region of chromosome arm 3R, it showed variegated expression 
that depended on its position near the telomere (HAZELRIGG et al. 1984). More 
recent mapping of the site of insertion shows that it lies about 10 kb from the 
most distal transcription unit on 3R and about 16 kb from the tip, embedded 
within an array of repeats (LEVIS et al. 1993). Another example involved a 
P-transposon bearing the rosy gene, which showed sharply reduced expression 
when inserted into a related set of repeats at the end of the X chromosome 
(KARPEN and SPRADLING 1992). An apparent inconsistency between the two report
ed cases is that the white telomeric transgene is completely insensitive to PEV 
modifiers (TALBERT et al. 1994), whereas the rosy transgene is Y-suppressible 
(KARPEN and SPRADLING 1992). A possible explanation for this difference is that the 
rosy transgene was situated on a mini-chromosome, and was therefore only 
about 250 kb away from a one megabase block of pericentric heterochromatin. By 
the nuclear localization model (TALBERT et al. 1994). the flanking repeats would 
form paired structures which target the region to the chromocenter, so that rosy 
"telomere position effect" would actually be an example of PEV. 

The insensitivity of whitetelomeric position effect to PEV modifiers indicates 
that there are different protein components necessary for telomere formation 
than for heterochromatin formation. This difference might be dictated by the need 
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to keep the telomeres in their accustomed place at the other end of the nucleus 
from the heterochromatin (RABL 1885; HOCHSTRASSER et al. 1986). Telomeric 
repeats are not essential in Drosophila, since terminal deletions that remove 
them do not interfere with chromosome function (LEVIS 1989; BIESSMANN et al. 
1990). The repeats do appear to be necessary for telomere position effect, since 
removal of repeats is correlated with phenotypic suppression (LEVIS 1989; LEVIS 
et al. 1993). Silencing might result from nuclear mislocalization, as hypothesized 
for PEV. It is worth noting that genes placed adjacent to telomeres in yeast 
are variably repressed. This telomere position effect might similarly require the 
Cl _3A repeats at chromosome ends (J. Stavenhagen and V. Zakian, personal 
communication), although a direct test of this possibility is difficult because 
removal of the repeats from linear chromosomes leads to chromosome loss 
(SANDELL and ZAKIAN 1993). 

9 Transgene Silencing Mediated by Specific 
Reg'ulatory Elements 

As mentioned at the outset, it may be difficult to distinguish between chromo
somal silencing and gene-specific downregulation, except in cases involving 
cytologically observable elements such as heterochromatin and telomeres. How
ever, the discovery that known regulatory elements can mediate silencing 
suggests that this distinction is somewhat artificial. An example is the zeste
white interaction, in which paired copies of white are repressed because of a 
mutant transcriptional activator protein. More recently, it was shown that homolo
gous pairing-dependent repression of a white gene lacking upstream cis-regulato
ry elements (mini-white) occurred when linked to a 2-kb regulatory element 
derived from the engrailed(en) locus (KASSIS et al. 1991). Paired, but not unpaired, 
copies of en-mini-white caused repression of both copies in a zeste-independent 
fashion. This was not strictly an allelic interaction, since repression also occurred 
for copies inserted at nearby sites (on a cytological scale) but not for copies at 
distant or unlinked sites. This remarkable feature of the en regulatory region is not 
unique. Similar trans-sensing repression has been reported for a regulatory 
element present in the polyhomeotic (ph) gene, a member of the Polycomb (Pc) 
group (FAUVARQUE and DURA 1993). 

Somatic pairing across homo logs mediated by regulatory elements might be 
analogous to the somatic pairing proposed to underlie heterochromatin for
mation. The ph gene is a member of the Pc group of genes needed for the 
maintenance of the repressed state of homeotic genes through development 
(PARO 1990). Silencing mediated by the ph element depends upon the activity of 
genes in the Pc group, including ph itself, but generally not Su(var)s, indicating 
that different components are involved in Pc-mediated repression and hetero
chromatin formation. Nevertheless, there are striking parallels between the two 
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genetic systems. Like the Su(var) genes, the Pc group genes appear to behave in 
accordance with the mass-action model, as if complex formation underlies action 
(DECAMILLIS et al. 1992). In support of this model, Polycomb and polyhomeotic 
proteins co-localize at specific sites in polytene chromosomes (DECAMILLIS et al. 
1992), causing silencing and chromatin structural alterations over a region on the 
order of hundreds of kilobases (ORLANDO and PARO 1993). As for PEV, in which a 
class of enhancer loci have been identified which act oppositely so Su(var)s in a 
dosage-dependent manner, the trithoraxgroup genes act oppositely to genes in 
the Pc group (PARO 1990). In this way, two very different systems with different 
components might act similarly in causing silencing. 

The transgene examples illustrate that the en and ph regulatory elements 
playa role in interactions between homo logs, but it is unclear just what that role 
is. One possibility is that the proteins mediating the interaction form larger 
complexes that interfere with transgene expression similar to what has been 
shown for the zeste protein (KASSIS 1994). Another possibility is that pairing itself 
leads to transcriptional interference. Along these lines, it is interesting that the 
repressed phenotype seen for en-min i-white is mimicked by mini-white alone 
when duplicated in cis in a head-to-head fashion (DORER and HENIKOFF 1994). 
Duplication-based repression is not dependent on position, since it is seen for the 
same duplicated element at several different sites. Head-to-tail copies of mini
white show much weaker repression. The similarity of the repressed phenotype 
of en-mini-white, and the dependence on repeat orientation, suggests that 
somatic pairing is occurring between copies. A more severe effect might occur 
for a hairpin, which would pair along its full length, than for the distorted loop, 
which would form for a tandem duplication (GUBB et al. 1990). In this case there is 
no known regulatory element present that could mediate repression. Thus, it 
would appear that simply bringing copies of mini-white together can cause 
interference in expression. 

10 Conclusion 

Gene silencing in Drosophila encompasses several different phenomena, includ
ing PEV, telomere position effect. and repression in trans mediated by regulatory 
elements. While all of these silencing effects are aberrant, and therefore might 
not cause silencing in normal flies, all provide important clues to the nature of 
interactions between chromosomes and the proteins and genetic elements that 
might mediate these interactions. Study of these effects in Drosophila, with its 
powerful genetics and unsurpassed ability to manipulate genes and chromo
somes, is providing clues to chromosome and nuclear function and organization 
that have not been possible in studies of other higher eukaryotes. It seems likely 
that progress in Drosophila will help to elucidate gene silencing phenomena in 
general. 
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Many reviews have been published on eukaryotic DNA methylation, but in spite 
of intensive work for more than two decades, many of the biological implications 
of this genetic signal, by some termed an "epigenetic signal", still remain to be 
elucidated. The nucleotide 5-methyldeoxycytidine (5-me) has been recognized as 
a modulator of DNA motif-protein interactions and hence has the potential to 
affect many reactions of the DNA molecule. For my own motivation to continue 
research in this fascinating yet complex field of investigations, the finding has 
been decisively stimulating that in distinct, randomly selected segments of the 
human genome patterns of DNA methylation are identical at the nucleotide level 
or in larger regions among different individuals of diverse ethnic backgrounds 
(KOCHANEK et al. 1990, 1993; BEHN-KRAPPA et al. 1991). Therefore, it is highly unlikely 
that patterns of DNA methylation in established mammalian genomes are 
the result of a randomly acting DNA methyltransferase system. The available 
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evidence indicates that patterns of DNA methylation are species-, cell type- and 
DNA segment-specific and vary with stage of development. We do not yet know 
how these patterns arise, whether they can fluctuate, or what their functional 
significance may be. Most researchers in the field agree that motif-specific 
methylation serves an important function in the long-term silencing of eukaryotic 
promoters (DOERFLER 1983). 

Since meaningful work on DNA methylation is conceptually complex and 
technically difficult, particularly because of the necessary application of genomic 
sequencing techniques, many have tried to stay away from studies on the 
meaning of the unexpected fifth nucleotide in the genetic repertoire of mam
malian DNA. Nevertheless, important fields of research such as work with 
transgenic organisms and recently, research towards effective gene therapy for 
medical applications have encountered de novo methylation as a mechanism 
affecting the expression of foreign DNA integrated into established mammalian 
genomes. This mechanism often thwarts the meaningful functional manipula
tions of these genomes by shutting off the newly introduced foreign DNA. So far, 
the realm of research that pertains to changes in methylation patterns in estab
lished genomes at sites far remote from the locus of foreign DNA insertion has 
been almost totally neglected. These poorly understood consequences of foreign 
DNA insertion could render current interpretations of work on transgenic organ
isms ambiguous and threaten to invalidate some of the simpler regimes for gene 
therapy. 

For our own work on various aspects of eukaryotic DNA methylation, we 
have concentrated on virus systems, and in particular on mammalian cells 
transformed by adenoviruses or on adenovirus type 12 (Ad12)-induced hamster 
tumor cells and on detailed analyses of patterns of DNA methylation in distinct 
segments of the human genome. In this review, I will not repeat the summaries 
of our work of over a decade (between 1978 and 1990) on promoter inactivation 
by sequence-specific promoter methylation (SUDER and DOERFLER 1979, 1980; 
DOERFLER 1981, 1983, 1989, 1993, for reviews). In a recent report, we were able 
to correlate the inactivating effect of sequence-specific methylation on eukaryotic 
(viral and mammalian) promoters quantitatively not only with the number of 
methylatable 5'-CG-3' sequences in a promoter (MUIZNIEKS and DOERFLER 1994a), 
but also to changes in DNA bending in the E2A late promoter of adenovirus type 
2 (Ad2) DNA (MUIZNIEKS and DOERFLER 1994b). 

Three topics will constitute the focus of this overview of our own research: 

1. The problem of de novo methylation of foreign DNA integrated into an 
established mammalian genome can be studied with integrated adenovirus 
DNA in tumors and in cell lines. Early after the infection of hamster cells with 
Ad12, large amounts of the viral (foreign) DNA become linked to chromosomal 
DNA (DOERFLER 1968, 1970; SCHROER and DOERFLER 1995). The bulk of our 
work has been performed with cloned lines of Ad12-induced hamster tumor 
cells or Ad2 or Ad12-transformed cell lines (SUDER et al. 1978; VARDIMON et al. 
1980; KRUCZEK and DOERFLER 1982; KUHLMANN and DOERFLER 1982; OREND et al. 
1991,1995). 
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2. As one of the consequences of adenovi"rus DNA insertion and transformation, 
we have documented changes in DNA methylation in cellular DNA sequences 
at the site of adenovirus DNA insertion (LICHTENBERG et al. 1988), and in trans far 
remote from the chromosomal location of the viral DNA in cellular DNA 
segments on many different chromosomes. 

3. The uptake of foreign DNA has also been investigated in living organisms like 
the mouse. We have demonstrated (SCHUBBERT et al. 1994; SCHUBBERT and 
DOERFLER 1995) that unprotected phage M 13 DNA is not completely degraded 
upon passage through the gastrointestinal system of the mouse. Moreover, 
fragments of about 900 base pairs (bp) can be transiently recovered from the 
blood of mice fed with M 13 DNA, and this DNA has been retrieved in the 
nuclei and cytoplasm of peripheral white blood cells of these animals. We are 
currently investigating whether the foreign DNA that has somehow penetrat
ed the gastrointestinal barrier of mice can become integrated into cellular 
DNA. These results imply that living organisms are incessantly exposed to the 
challenge of having to deal with foreign DNA which is amply ingested with the 
daily food supply. 

2 De Novo Methylation of Foreign DNA
A Cellular Defense Mechanism 

In the course of studies on the integration of Ad12 DNA and its differential 
expression of early (expressed) versus late (not expressed) viral genes in trans
formed hamster cell lines or in Ad12-induced hamster tumor cell lines, we 
discovered an inverse relationship between integrated viral gene expression and 
the extent of DNA methylation (SUDER and DOERFLER 1979, 1980; VARDIMON et al. 
1980; KRUCZEK and DOERFLER 1982; TOTH et al. 1989). Hence, some of our work on 
DNA methylation has been performed with the aim of improving our understand
ing of the mechanism of adenovirus oncogenesis. Many aspects of subsequent 
studies have gone beyond this interesting biological problem (DOERFLER 1981, 
1983, 1984, 1989). 

Since foreign DNA inserted into established genomes has frequently been 
found to become de novo methylated, I have proposed (DOERFLER 1991) that 
de novo methylation of transgenes and foreign DNA can be viewed as a cellular 
defense mechanism against the activity of foreign DNA that has intruded into an 
established genome. This intrusion may occur either as a consequence of natural 
events and selection or as the result of transfection experiments. The de novo 
methylation of foreign DNA has been documented in both mammalian and plant 
systems (for pertinent reviews in plant biology, see Meyer, Fedoroff, and Singer 
and Selker, this volume). It has also been hypothesized that existing patterns of 
DNA methylation in the genomes of organisms might-at least in part
represent the sum total of ancient integration and de novo methylation events 
which have, of course, been modified by numerous selection processes. 
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Pursuing the idea of a cellular defense mechanism, the question arose as to 
where the most likely portal of entry of foreign DNA into an organism should be 
sought, because if would be unrealistic to presume that defense and selection 
mechanisms would not continue in the organisms of the present time. Obviously, 
the gastrointestinal system of all organisms is constantly exposed to a large 
amount of foreign DNA, most of which is complexed with proteins but will be 
liberated partly as free DNA during food digestion. It was out of these consider
ations that the experiments on the fate of free DNA in the murine gastrointestinal 
tract were performed (see Sect. 5). Since foreign DNA can enter the animals' 
bloodstream, de novo methylation of integrated foreign DNA could in fact 
constitute an ancient defense mechanism, perhaps comparable to the animals' 
immune system. The gastrointestinal tract is, of course, also the organ system 
with maximal exposure to foreign proteins and infectious agents and hence 
harbors the bulk of the organism's immune system. 

3 De Novo DNA Methylation of Integrated Foreign DNA 

3.1 General Remarks 

In our investigations on the structure of integrated Ad12 or Ad2 genomes in 
transformed hamster cells, we found early on that these genomes became de 
novo methylated in very specific patterns (SUTTER et al. 1978; SUTTER and DOERFLER 
1979, 1980; VARDIMON et al. 1980; KUHLMANN and DOERFLER 1982; OREND et al. 1991, 
1995). We had previously shown that the virion DNA from purified Ad12 particles 
was not detectably methylated (GUNTHERT et al. 1976; WIENHUES and DOERFLER 
1985; KAMMER and DOERFLER 1995). Thus, it was possible to unequivocally demon
strate that the previously unmethylated Ad12 DNA was de novo methylated after 
integration into the cellular genome. 

An inverse correlation between the extent of DNA methylation and the level 
of transcription has been observed in many parts of integrated adenovirus 
genomes (SUTTER and DOERFLER 1979, 1980). This correlation has subsequently 
been refined for the promoter regions of integrated adenovirus genes (KRUCZEK 
and DOERFLER 1982). These observations have initiated a decade of research on 
the role that sequence-specific promoter methylation can play in the long-term 
silencing of eukaryotic genes. In these studies we have mainly, but not exclu
sively, used viral promoters (for reviews, see DOERFLER 1981, 1983, 1984, 1989, 
1992, 1993; DOERFLER et al. 1993). The importance of DNA methylation for long
term gene inactivation has more recently been recognized, also in developmental 
biology and in human genetics. Earlier work on viral promoters has conceptually 
opened the path for studies on complex genetic phenomena, e.g., genomic 
imprinting in mammalian genomes (SURANI et al. 1984; SAPIENZA et al. 1987; REIK et 
al. 1987; SWAIN et al. 1987; LI et al. 1993). The observation that integrated foreign 
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DNA molecules like the Ad12 genome can be de novo methylated and con
sequently partly or completely inactivated has not been restricted to adenovirus 
genomes. Other integrated viral genomes, or for that matter any foreign DNA 
integrated into established genomes, e.g., aftertransfection and selection in mice 
(LETTMANN et al. 1991) or in plants (LINN et al. 1990), have very frequently been 
subjected to the same, apparently ubiquitous control mechanism and have 
become extensively de novo methylated and inactivated. 

The genome of Epstein-Barr virus (EBV), a member of the herpesvirus group, 
which can persist in virus-transformed cells predominantly in a nonintegrated, 
circular, episomally free form, can also become de novo methylated in specific 
patterns (ERNBERG et al. 1989; Hu et al. 1991). Thus de novo methylation of foreign 
genomes in mammalian cells is not solely associated with the integrated state of 
the newly acquired DNA. Persisting EBV genomes continue to be replicated in 
synchrony with the cycle of the cellular genome, presumably by the cellular DNA 
replication systems. It is challenging to consider the possibility that the cellular 
replication machinery may be intimately associated with the apparatus for the de 
novo methylation of DNA which would then be responsible for the methylation of 
the EBV DNA. In contrast, free adenovirus DNA replication is at least partly self
sufficient and provides its own replication system, which, however, presumably 
lacks DNA methyltransferase activities. Perhaps, for that reason, intracellular, 
free adenovirus DNA has never been found to become de novo methylated 
(WIENHUES and DOERFLER 1985; KAMMER and DOERFLER 1995). 

Since the insertion of foreign DNA into established genomes and its con
tinued transcription constitutes a major goal of many, though not all, strategies in 
gene therapy, the mechanism of de novo methylation and subsequent long-term 
inactivation of integrated foreign genomes requires serious consideration and 
detailed investigations. De novo methylation may represent a major obstacle in 
this frequently considered path towards the successful repair of genetic defects 
in mammalian cells. Alternative approaches such as the presentation of foreign 
genes in free nonintegrated form, e.g., in free adenovirus genomes (RAGOT et al. 
1993), under conditions in which they do not predominantly integrate, may have 
a better chance of providing means for the long-term, nonobstructed expression 
of foreign genes designed to substitute for missing genetic functions in a cell or 
in an organism. Even if one could replace a defective gene exactly by the wild-type 
allele, the question must be raised as to whether this replaced gene or DNA 
segment will also be de novo methylated because it does not carry the authentic 
cell-specific methylation pattern and will thus be recognized by the de novo 
methylation system of the cell. 

As mentioned earlier, the de novo methylation of integrated foreign DNA in 
established genomes can be viewed as an ancient cellular defense mechanism 
which apparently can operate selectively. Possibly by survival and selection of 
cells with an optimized set of de novo methylated and inactivated or non
methylated and continuously expressing foreign genes, specific patterns of these 
foreign, de novo methylated genes persist and contribute to the constellation of 
newly introduced genes in a thus altered genome. Adenovirus-transformed cells 
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provide an example of this mechanism. Frequently, the early viral genes, mainly 
the E1 and E4 gene segments, do not succumb to this cellular defense me
chanism (OREND et al. 1991, 1995). probably because by selection they can escape 
inactivation and con-tribute to the transformed state of those cells in which they 
continue to be expressed. 

It appears that cells have developed different defense mechanisms against 
the onslaught of foreign DNA. Under experimental conditions, a variety of options 
have become available for the introduction of foreign DNA into cells in culture. It 
is unknown how frequently the cells of an intact organism are exposed to, take 
up, and chromosomally integrate foreign DNA. In Sect. 5, an experimental 
approach towards answering some of these questions will be described. It is 
likely that the cytoplasmic membrane is a first barrier against the penetration of 
foreign DNA molecules. Once that barrier has been overcome, foreign DNA can 
be nucleo-Iytically degraded in the cytoplasm or in its organelles. Nevertheless, 
foreign DNA can be transported to the nucleus and become integrated. Such 
integrated genomes can be lost again from the cellular genome, as exemplified 
by the existence of morphological revertants of Ad12-transformed cells in which 
viral genomes, in part or in toto, have been excised (GRONEBERG et al. 1978; EICK et 
al. 1980). Finally, in case all these possibilities to eliminate foreign genes had 
failed, they could eventually become de novo methylated and thus inactivated. 
We know very little about the mechanism of de novo methylation in mammalian 
cells and have, therefore, continued to study this process with integrated aden
oVirus genomes. 

3.2 Initiation of De Novo Methylation in Mammalian Cells 

Integrated Ad12 DNA in hamster tumor cells or Ad12 DNA fixed in the hamster 
cell genome by transfection and selection for another marker is not immediately 
de novo methyl-ated. It requires an unknown number of cell generations-and 
other unknown factors-to initiate de novo methylation. We have investigated 
where de novo methylation is initiated in the colinearly integrated Ad12 genome. 
It commences in two paracentrally located regions of Ad12 DNA and not, for 
example, at the termini of Ad12 DNA, which are linked to cellular DNA sequences 
that probably already present an established methylation pattern. Methylation 
then spreads from the sites of initiation and proceeds to large parts of the 
integrated viral genomes in the tumor-derived or Ad12-transformed hamster cell 
lines. 

There is evidence from several different systems in which de novo methyl
ation has been studied that certain nucleotide sequences may be preferentially 
and initially de novo methylated (SZYF et al. 1990; MUMMANENI et al. 1993; HASSE and 
SCHULZ 1994). While nucleotide sequences will playa certain role in selecting sites 
for the initiation of de novo methylation, our results from investigations on de 
novo methylation in the adenovirus system argue that nucleotide sequence by 
itself cannot be the sole determining parameter that characterizes sites of 
initiation of de novo methylation: 
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1. In integrated Ad12 genomes, de novo methylation is initiated in the paracen
trally located nucleotide 20 885-24 053 fragment of the viral genome, more 
precisely in an internal segment of this region (OREND et al. 1995). When the 
same viral DNA segment is transposed, e.g., to the left end of the integrated 
Ad12 genomes in cell line T637, the transposed Ad12 DNA segment with the 
same nucleotide sequence is not methylated or at least not to the same extent 
as the internally located segment is. 

2. When fragments of Ad12 DNA such as the nucleotide 1-5574 EcoRI-C 
fragment or the nucleotide 20 885-24 053 (Pstl-D) fragment are transfected 
into and fixed by integration in the genomes of mammalian cells, these DNA 
fragments become methylated in some cell lines, but remain un methylated in 
others, possibly dependent on the site of foreign DNA integration (OREND et al. 
1995). In contrast, cells that have been transformed by infection with Ad12 
virions carry the entire Ad12 genome in an integrated form, and the 1-5574 
nucleotide fragment remains hypomethylated, while the internal Pstl-D frag
ment becomes heavily methylated. 

3. In the Ad2-transformed hamster cell line HE1 (COOK and LEWIS 1979), the late 
E2A promoter in the Ad2 genome is completely methylated at all 5'-CG-3' 
sequences as determined by genomic sequencing. Exactly the same nucleo
tide sequence is not methylated at all in another Ad2-transformed hamster cell 
line, HE2 (TOTH et al. 1989, 1990). In HE1, the E2A gene has been silenced; in 
HE2, it is transcribed and translated into the DNA binding protein (JOHANNSSON 
et al. 1978). 

4. The large segment of human cellular DNA sequenCes in the symmetric Ad12 
DNA recombinant SYREC2 (DEURING et al. 1981; DEURING and DOERFLER 1983) 
is not methylated in its 5'-CCGG-3' sequences in the SYREC2 genome 
isolated from purified virions. The same cellular nucleotide sequences are, 
however, very heavily methylated in the 5'-CCGG-3' sequences inside the 
human cellular genome in cells growing in culture. 

I, therefore, tentatively conclude that the de novo methylation mechanism is 
not predominantly regulated simply by a specific nucleotide sequence, but that 
additional parameters such as location in different intranuclear compartments, 
DNA structure, the type of proteins bound at such structures, the site of foreign 
DNA integration and the replicative state of the cell may also have an important 
influence. 

Next to nothing, unfortunately, is known about the enzymatic mechanism of 
de novo methylation. It is not clear whether de novo and maintenance methyl
ations are effected by the same, by different, or by one enzyme in conjunction 
with different cofactors. It cannot yet be decided how many DNA methyl
transferases exist in mammalian cells (LI et al. 1993). 

In our own work on DNA methyltransferases, we turned to studies on frog 
virus 3 (FV3), a member of the iridovirus group (WILLIS et al. 1989). The FV3 
genome in the virion is heavily methylated (WILLIS and GRANOFF 1980). Using the 
genomic sequencing method, we could demonstrate that, in the viral DNA 
segments investigated, all 5'-CG-3' sequences are methylated and that 5-mC 
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occurs exclusively in these dinucleotide sequences (SCHETIER et al. 1993). The use 
of several methylation-sensitive restriction enzymes has demonstrated it to be 
likely that all 5' -CG-3' sequences in the entire genome are methylated (WILLIS and 
GRANOFF 1980; SCHETIER et al. 1993). There is evidence that after infection of cells 
with FV3 the newly synthesized viral DNA is not methylated immediately after 
replication, but becomes rapidly and completely de novo methylated shortly 
thereafter. This system thus offers the possibility to study characteristics of the 
enzyme(s) involved in this de novo methylation. Such studies have been initiated 
(SCHETIER et al. 1993). 

3.3 Methylation of Triplet Repeat Amplifications 
in the Human Genome: 
Manifestation of the Cellular Defense Mechanism? 

In human genetic diseases, apparently autonomous amplifications of naturally 
present triplet repeats in the human genome have been recognized to be 
associated with diseases such as myotonic dystrophy, the fragile X syndrome 
(FRAXA), Kennedy disease, Huntington's disease, mental retardation found with 
the fragile site FRAXE on the human X chromosome, spinocerebellar ataxia type 
I, or hereditary dentatorubro-pallidolysian ataxia (CASKEY et al. 1992; RICHARDS and 
SUTHERLAND 1992; RIGGINS et al. 1992; THE HUNTINGTON DISEASE COLLABORATION 
RESEARCH GROUP 1993; KNIGHT et al. 1993; ORR et al. 1993; KOIDE et al. 1994; 
NAGAFUCHI et al. 1994). These amplifications can lie in the coding sequence of 
genes or in their 3' or 5' located noncoding regions. It is not understood in detail 
how this new class of mutations can be linked to the pathogenetic mechanisms 
of these ailments which frequently involve the central nervous system. More
over, the (enzymatic) mechanism by which the amplifications are generated is 
still a puzzle. The possibility furthermore exists that the mutations causing these 
amplifications lie in genes remote from the sites of triplet repeats, possibly in 
genets) involved in the regulation of DNA replication. 

We have observed that synthetic oligodeoxyribonucleotides, like (CGG)17' 
(GCC)17' (CG)25' but not (TAA)17' (CAGG)13' by themselves can be in vitro expanded 
by Taq polymerase under the conditions of polymerase chain reaction (PCR) or by 
Klenow polymerase (without cycling) to chains of up to 2000 bp. This in vitro 
amplification, which apparently requires a certain nucleotide sequence and a 
specific structure dependent on it, can be inhibited, though not obliterated, by the 
methylation of the C residues in the oligodeoxyribonucleotides, in that much 
shorter chains are then synthesized in vitro (BEHN-KRAPPA and DOERFLER 1994). 

In some of the amplified sequences in human genetic diseases, such as in 
the FM R-1 gene in the fragile X syndrome (OBERLE et al. 1991), an increase in DNA 
methylation in these sequences has been observed. We have suggested (BEHN
KRAPPA and DOERFLER 1994) that these de novo methylations may represent 
another manifestation of the cellular defense mechanism against foreign DNA 
mentioned above. According to this reasoning, the amplified triplet repeats 



A Cellular Defense Mechanism 217 

amounting in some cases to more than 2000 nucleotide pairs in excess of the 
original sequence at this site with many 5'-CG-3' dinucleotides could be recog
nized as foreign by the DNA methyltransferase system of the host cell, and could 
thus become de novo methylated, perhaps as a shield against further expansion. 
This prediction is consistent with the results of our in vitro amplification studies 
and the effect of 5'-CG-3' methylation which inhibits amplification. 

4 Alterations in Patterns of Cellular DNA Methylation 
and Gene Expression 

We investigated the possibility that the insertion of foreign DNA into an estab
lished mammalian genome can lead to far-reaching alterations in patterns 
of cellular DNA methylation and gene expression. These alterations might con
tribute to the oncogenic transformation of cells at least as significantly as some of 
the viral gene products thought to be involved in the process. 

In the pursuit of this concept, we were initially able to demonstrate that the 
methylation state in hamster cell DNA sequences immediately abutting the site 
of insertion of Ad12 DNA in the Ad12-induced tumor T1111/2 have been altered: 
all the 5'-CG-3' sequences that are completely methylated in normal hamster 
DNA from animals or from cells devoid of adenovirus DNA have lost the 5-mC 
residues in the tumor DNA (LICHTENBERG et al. 1987, 1988). This investigation was 
limited to a sequence of about 1000 bp of cellular DNA. 

More recently, we screened the hamster cell genome with several different, 
randomly selected genomic DNA or cDNA probes by Southern blot hybridization 
after cutting the hamster cell DNA with Hpall, Mspl, or Hhal. Cellular DNA was 
extracted from a number of Ad12-transformed hamster cell lines and Ad12-
induced tumors, from normal BHK21 hamster cells, and from Ad12-infected 
BHK21 hamster cells at 30 h or 27 days post infection as controls. Among the 
different cellular hybridization probes, several showed very striking increases in 
DNA methylation in cellular genes in some of the Ad12-transformed cells and in 
some of the Ad12-induced tumor cells, while others showed no changes (HELLER 
et al. 1995). It was shown by fluorescent in situ hybridization (LICHTER and CREMER 
1992) that the hybridization probes used in these experiments were located on 
many different hamster chromosomes which were different from the chromo
some carrying the Ad12 genomes (HELLER et al. 1995). One of the cellular DNA 
hybridization probes used in these studies, the intracisternal A particle (lAP) DNA, 
has been shown to be represented extensively on many different hamster 
chromosomes. The lAP DNA exhibited a very striking increase in DNA methyl
ation in cell line T637 as compared with BHK21 hamster cells. lAP DNA, an 
endogenous retrotransposon-like sequence, is represented about 1000-fold in 
the hamster genome (LUEDERS and KUFF 1981). 

In order to distinguish between the alternative explanations, namely, that 
these changes in patterns of cellular gene methylation are due to the insertion of 
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foreign DNA into the established hamster cell genome and due to transformation 
or to the action of early Ad12 gene products synthesized in Ad12-transformed or 
Ad12-induced tumor cells, we also analyzed cellular DNA isolated from BHK21 
cells at 30 h or 27 days after infection with Ad12. In these cells, none of the 
aforementioned alterations in cellular DNA methylation were observed. We, 
therefore, favor the interpretation that it seems to be the insertion of the Ad12 
genomes into the established hamster genome in conjunction with viral transfor
mation that somehow elicit these far-reaching changes. The mechanism, by 
which these changes are effected, is not known. Since the patterns of early Ad12 
DNA expression are similar in Ad12-infected hamster cells and in Ad12-trans
formed hamster cells, it is unlikely that Ad12 gene products play the decisive role 
in rapidly changing the patterns of methylation in cellular genes of transformed 
cells. It should be emphasized that there are considerable differences in the 
extent and locations of these changes in different Ad12-transformed cells or 
Ad12-induced hamster tumor cells. Moreover, only a subset of genes seems to 
be affected. The cellular genes with altered methylation patterns are located on 
hamster chromosomes that are definitely different from the chromosome on 
which Ad12 DNA is integrated. Since we have used only a relatively small number 
of randomly selected hamster gene probes and found changes in DNA methyla
tion in a high proportion of them, these alterations might be widely distributed. 

It has been shown in many different systems that changes in DNA methyl
ation are associated with changes in patterns of gene expression. In Ad12-
transformed cells, we demonstrated previously that among 40 different genes 
tested, the expression of 5 genes was altered in comparison with non-Ad12-
transformed BHK21 cells (ROSAHL and DOERFLER 1992). Although the ratio of the 
number of genes with alterations in expression to the number of genes tested 
argues for frequent changes, more work will be required to support these 
interpretations. We continue to pursue the possibility that the integration of 
foreign DNA into the hamster genome is associated with widespread changes in 
DNA methylation and consequently in expression patterns among hamster 
cellular genes. These findings have consequences for the interpretation of viral 
oncology, for gene therapy and for the interpretation of results obtained with 
transgenic organisms. 

5 Uptake of Foreign DNA Through the 
Gastrointestinal Tract 

We set out to explore the possibility that traces of foreign DNA that is constantly 
ingested with the routine food intake might be taken up by the cells of an 
organism and become integrated at random into the cellular genome. By subse
quently eliciting alterations in the methylation and expression patterns of the 
affected cells, targets are constantly generated in which these changes might 
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lead to the oncogenic transformation of individual cells. This-as yet hypotheti
cal-mechanism of oncogenic transformation is related to the very real daily 
exposure of the animals' gastrointestinal tract to foreign DNA. 

We investigated whether foreign DNA taken up by mammals with the food 
supply can, at least in part, survive the digestive regime of the gastrointestinal 
tract and eventually enter into the bloodstream (SCHUBBERT et al. 1994). In model 
experiments, 3- to 6-month-old mice were fed with bacteriophage M13 DNA 
(HOFSCHNEIDER 1963) in amounts between 10 and 50 /1g. The DNA was supplied in 
the double-stranded supercoiled circular or EcoRI-linearized form directly by 
pipette-feeding to the animals' oral cavity or to the food pellets. M 13 DNA was 
chosen as a traceable food additive because we failed to find any homologies 
between this phage DNA and the DNA repurified from the feces of control mice 
that had never received this DNA. Moreover, the entire nucleotide sequence of 
this viral DNA had been determined (YANISCH-PERRON et al. 1985). At various times 
after feeding M 13 DNA, DNA was extracted: (a) from the feces, either extracor
poreally or taken from the animals rectum; or (b) from whole blood, from isolated 
blood cells or from the serum. 

These DNA preparations were subsequently analyzed for the presence of 
M 13 DNA sequences by electrophoresis and SOUTHERN (1975) blot hybridization, 
by dot blot hybridization, or by peR (SAIKI et al. 1988). 

The results of these analyses (SCHUBBERT et al. 1994) demonstrate that: 

1. M13 DNA sequences can be detected in the animals feces between 1 and 
7 h after feeding 

2. M 13 DNA sequences are present in the bloodstream 2-4 h after feeding 
3. The M 13 DNA in blood is exclusively found in the white blood cells (SCHUBBERT 

and DOERFLER 1994). 

In the feces, about 2%-4% of the ingested DNA can be recovered, while in 
the bloodstream the recoverable percentage lies between 0.01 % and 0.1 %. The 
bulk of the feces-excreted M 13 DNA is in the size range between 100 and 400 
nucleotide pairs, but when peR has been used, M 13 DNA molecules up to a 
length of 1692 nucleotide pairs are discovered. The peR-amplified M 13 DNA has 
been resequenced and, apart from occasional, nonsystematic deviations, has 
been found to be identical with the published nucleotide sequence. The results of 
these studies have been identical, regardless of whether DNA has been extracted 
from extracorporeally deposited feces or from feces removed from the terminal 
gut of the animals. The latter precaution precludes the possibility that the feces 
extracorporeally deposited might have been externally contaminated by unno
ticed oral contacts with the animals. 

Similarly and surprisingly, M 13 DNA sequences were also detected, both in 
DNA extracted from total blood and particularly from white blood cells of M 13-fed 
animals. The maximal lengths of M13 DNA fragments observed were 976 
nucleotide pairs. Upon resequencing this peR-amplified DNA, authentic M 13 
DNA was found with rare, nonsystematic deviations in nucleotide sequence. 
DNA isolated from the bloodstream of animals that had not been fed M 13 DNA 
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was consistently found to be free of M 13 DNA by any of the analytical techniques 
applied. 

These data have been confirmed with DNA preparations from 50 different 
animals (fecal samples) plus 16 buffer-fed (0.01 Tris-HCI, pH 7.5; 1 mM EDTA) 
controls, and from 105 different animals (blood samples) plus 30 buffer-fed 
controls with essentially identical results (SCHUBBERT et al. 1994). We are currently 
investigating whether integrated M 13 DNA sequences can be cloned by suitable 
vector systems from the DNA of white blood cells taken from M 13-fed animals. 

The results described (SCHUBBERT et al. 1994) verify that foreign DNA ingested 
with food is not completely degraded in the gastrointestinal tract and can reach 
the bloodstream, although in minute amounts and in fragmented form. Of course, 
it is known that fragments of DNA are highly recombinogenic. Since this exposure 
of most, if not all, organ systems to recombinogenic DNA fragments is continu
ous over the entire life span of an organism, it will be very interesting to consider 
their contributions to oncogenic, mutagenic, or other pathogenic events which 
are cumulative over the duration of the individuals life span. Evolutionary implica
tions could only be speculated on. 

6 A Concept for Oncogenesis: Implications for Gene 
Therapy and Research on Transgenic Organisms 

The classical concept of insertional mutagenesis relates to damage caused to 
cellular functions or genes that are encoded at the sites of foreign (adenoviral) 
DNA insertion into the host genome. Since a very sizeable part of the mammalian 
genome consists of repetitive sequences with essentially unknown functions, 
insertion might frequently be nonconsequential to the repertoire of cellular 
functions. However, we have adduced evidence that the insertion of adenovirus 
DNA into the hamster cell genome, possibly in conjunction with the transformed 
cellular phenotype, can be associated with extensive changes in the methylation 
patterns of cellular genes and of their expression. In that way, foreign DNA 
insertion at a restricted region on one chromosome could have important 
sequelae for the expression profile of the afflicted cell, involving a large but so far 
unknown number of remote cellular locations. It is likely that each insertion event 
generates a different pattern of changes and, in that sense, a unique disturbance 
in the recipient nucleus. The overall consequences for cellular survival probably 
span a wide continuum from cell death to the absence of detectable functional 
changes. For oncogenic transformation to ensue with derailed growth control, 
very specific subsets of alterations in methylation and expression patterns may 
be required. These considerations about possible consequences of foreign DNA 
insertion broaden the conventional concept of insertional mutagenesis in that, by 
altering cellular DNA methylation, many parts of the cellular genome could be 
affected that are located remote from the site of foreign DNA insertion. 
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Does insertion of foreign DNA into an established genome elicit a signal 
to the DNA methyltransferase system of the cell? How could such a signal 
be transmitted to distant parts of the genome involving DNA on different 
chromosomes? Could the nuclear matrix playa part in the transmission events? 
Obviously, we do not yet understand these mechanisms, and a great deal of 
experimental work will be required to research these and other possibilities. 

By linking the observation of apparently frequent alterations in patterns of 
DNA methylation in cellular genes upon insertion of and transformation by the 
adenovirus genome to the discovery that food-ingested DNA does reach the 
bloodstream of mammals with the potential of dissemination to many organs of 
the animal, a concept for oncogenic transformation arises. How frequently do 
food-ingested DNA fragments obtain access to cells of the organism and become 
integrated into their genome? How specific or variable are the changes in DNA 
methylation and expression patterns and do they cause cell transformation or 
various stages of loss of growth control? One can imagine a very wide gamut of 
possibilities that will be difficult to prove or disprove in an individual tumor 
incidence in which it will be impossible to differentiate between primary and 
secondary events, e.g., changes in DNA methylation and expression patterns, 
which may be consequences rather than the causes of oncogenesis. This 
dilemma has accompanied decades of research in many fields of tumor biology. 

In the future, we will extend research to the basic mechanisms of foreign 
DNA insertion in animals, to its frequency and sites of insertion, and to changes 
in patterns of DNA methylation. For this latter aspect, it would be advisable to use 
foreign DNA as a model that does not have coding capacity or cannot be 
expressed in eukaryotic cells. This approach would circumvent the difficulty of 
having to differentiate between the effects of the insertion event and of gene 
products of biologically active DNA, such as Ad12 DNA. A wide field of research 
will have to be addressed here. These projects will be relevant for oncogenesis as 
well as for gene therapy and the interpretation of experiments in which transgenic 
animals or plants are utilized. In gene therapy and in transgenic organisms, foreign 
DNA may affect and alter many parts of an established genome at sites quite 
distant from the targeted site of insertion via changes in DNA methylation. 
Although these ideas will complicate the interpretation of some experiments, 
these concepts will be carefully weighed in the design of future projects. 
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