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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,
amajor 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 simplify 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. | 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 fungiand 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.

| am most grateful to the authors of this volume who
provided excellent articles at short notice. | 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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1 Introduction

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
Martzke 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; DeroLES
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; DoerrLER 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

H silencing
Ha Hya Jocs 778 silencing
Hb LH_YG—[Oj’ ] silencing
Hc [ 0Cs | HYG_] nonsilencing

Fig. 1. Homology requirement for epistatic trans-inactivation in tobacco. A previously active transgene
locus K, which encoded resistance to kanamycin (KAN) and nopaline synthase (NOS), became inactive
and methylated when the H construct was introduced by retransformation (MATZKE et al. 1989) Regions
of homology on Kand 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 (Hc) 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 Hc. 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. Hoess and
co-workers (1990) identified transgenic tobacco lines that either strongly or
weakly expressed a transgene construct that encoded resistance to kanamycin
and B-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 (Hosss et al. 1993).

VaucHeRreT (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, unmethylated 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,
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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 Hoess 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 H,, the K locus was partially inactivated and
methylated when hemizygous (K-), and more completely inactivated and methy-
lated when homozygous (KK). The H, 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 H,and
H,comprised multiple copies. Moreover, H,and H,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
H, or H, and the degree of methylation each imposed on K: H; which partially
methylated K, was also partially methylated; H,, which completely methylated K,
was likewise completely methylated. In contrast, H,, 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 H, locus: Two of these were less
methylated and they no longer completely inactivated or methylated K in 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 Hlocus contained an unmethylated copy of the H construct, as
was the case with H,, Kremained unmethylated and continued to be expressed.
(As a demonstration that partially homologous, unmethylated transgene copies
can be expressed indefinitely, it is significant that a 6-year-old transgenic tobacco
plant with a genotype of KK/H,- 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
(MITTELSTEN ScHEID et al. 1991; Assaap 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.

Animportant point relevant for the epistatic nature of the phenomenon is that
the H,and H, silencing loci were methylated prior to interacting with K, whereas
K only became methylated and inactivated after encountering H, or H, (MaTzke
etal. 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 Klocus 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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Ko — KO

//

KO x He — Keo/[®

N

He

Fig. 2. Epistatic trans-nactivation. A silencing locus, H, independently acquires methylation (H*)
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 K is combined with H®,
it becomes inactivated and acquires a comparable degree of methylation (K*®). This possibly occurs via
a DNA pairing-dependent process of “epigene conversion” (MATZKE et al. 1994a). When K*® and H®
segregate, K® only progressively reactivates and loses methylation (K® — K® — K). Thus, H*® heritably
imprints K©, 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 A, transgene locus in petunia (Mever 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-
guence, 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 Hlocus 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 Klocus could substitute foran 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 Ralleles 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 H, locus that we have described (recall that
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H,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 H, locus 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 H, 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 MAaTzke 1993). By now, it is quite clear that several
cases of co-suppression are the result of post-transcriptional events (b CARVALHO
et al. 1992; Kooter and MorL 1993). Accordingly, transgene loci that elicit
co-suppression are often transcribed at a high level (e 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 play a 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 (Mever et al. 1993; PatTerson et al. 1993). The system described by
Mever 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 (be CARvALHO et
al. 1992). In complete contrast, epistatic silencing loci, which are methylated, are
often weakly expressed (Hosss et al. 1993) and one (VaucHerer 1993) is not
expressed at all. Furthermore, an RNA turnover mechanism is inconsistent with
our observation that reducing the degree of methylation within the H, silencing
locus (which should, in principle, increase its expression), weakenedthe silencing
ability of two H, 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 Drosophila 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 unmethylated
homologous target locus via a process of “epigene conversion” [a term proposed
by SasL and Lairp (1992) to account for nonmendelian features of Huntington’s
disease in humans]. 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 (MEver 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 (Mever 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® 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
sequences. 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

Co-suppression Epistatic trans-inactivation
Homology Coding region Promoter
Epigenetic modifications Variable Methylation
of target locus?
Recovery Immediate Gradual
Mechanism RNA Turnover Transcriptional inactivation
Silencing locus Highly transcribed Methylated
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1 Introduction

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 A7 gene from Zea mays. Introduction of the A7
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; MEever et al. 1992b). Furthermore it has provided an insight
into the influence of DNA methylation on homology-dependent gene silencing
phenomena (Mever et al. 1993, 1994). A comparison of DNA methylation patterns
with theiraccompanying 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
(VanvusHIN et al. 1970), plants contain up to 30% of m°C residues (Apams and
Burpon 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®C residues can undergo deamination to thymine, which leads to a
depletion of CpG dinucleotides and an elevation of TpG and CpA dinucleotides
(CouLonpRrE 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
etal. 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 CoNpG sequences is not due to deamination of
m®C 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 (HoLLibAy and PucH 1975).
Hemimethylated DNA is the preferred substrate for maintenance methylase
(GRruENBAUM 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 DDM1
mutant (Vongs et al. 1993) shows a reduction of m®C 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 (CHanpbLER 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 ViotT 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-
guencing 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 Adh7 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 C, plants, for example, corresponds to demethylation of a
region located 3.3 kb upstream of the gene (LAaNGDALE 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 A7 Marker System

The AT 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 A7 gene
of Zea mays into the whitish flowering Petunia hybridaline RI01 leads to salmon-
red flower pigmentation (Mever et al. 1987). The AT gene encodes a dihydrofla-
vonol reductase (DFR), an enzyme of the anthocyanin pigmentation pathway.
Due to a genetic block in the anthocyanin pigmentation pathway (Sto1z et al.
1985) the receptor line RIO1 produces only very low amounts of cyanidin and
delphinidin, the two pigments that determine floral pigmentation in petunia. The
almost white flowers of RI01 accumulate dihydrokaempferol, a substrate of the
maize DFR. In transgenic plants expressing the A7 gene, dihydrokaempferol is
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converted into leucopelargonidin, which is further processed by endogenous
enzymes into a red pelargonidin pigment. A7 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 A7 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 A1 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.

Fig. 1A-D. Different modes for the induction of A7 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 A7 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
A1 activity, transformants with salmon-red flowers exhibiting continuous A7
activity and plants carrying variegated flowers with A7 activity present in some
petal cells. The uniformity of petal pigmentation was inversely correlated with the
number of integrated A7 copies, as integration of multiple A7 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 A7 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 to 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 A7 transcription, because A7 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 a/b
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 (ZamBRryski 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 (JorcenseN 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 by-an allele when expression of a paramutable allele is inhibited by a
paramutagenic allelic homologue (Brink 1956). When the hypermethylated
A1 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 A7 allele from one parent and a hypermethylated allele from the
other parent showed a significant reduction in A7 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 AT expression correlated
with hypermethylation of the promoter region. Apparently the hypermethylated
A1 allele has paramutagenic potential, inducing methylation in the paramutable
A1 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 A7 alleles had segregated from each other, the paramutated A7
allele remained hypermethylated over the next two generations. Only occasional-
ly did a weak reactivation of the hypermethylated A7 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 A7 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
achange 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 A7 copies,
we analysed single-copy transformants with different A7 expression levels (ProLs
and Mever 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 A7 transcription was
detectable; lines 17 and 24 showed A7 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 Mever 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 A1geneinline 17 remained hypomethylated 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 (Mever 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
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in the AT coding region, showed that hypermethylation was limited to the
transgene DNA only, while the hypomethylation state of the integration region
remained unaltered (Mever and Heipmann 1994). This might 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;
DoerrLER 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 A7 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 B-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 (STier et al. 1989). In plants similar stabilizing effects have been achieved
with transgenes flanked by Scaffold attachment sequences (BRevnE 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 (Mever 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 RIO1 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 A7 expression. Again, the
reduction in A7 activity correlated with an increase in methylation. More than
95% of the greenhouse population of line 17, but only 37 % of the field population,
showed stable activity of the A7 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, A7 expression was considerably reduced (MEever
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 (WaLsoT 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 (WAsSSENEGGER et al.
1994). This observation suggests that high mRNA levels can induce de novo
methylation of the corresponding DNA, downregulating 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 | digestion. Another indication for a
regulation of DNA methylation by structural characteristics emerged from the
genomic sequencing analysis of different methylation states of the A7 transgene.
Besides the common symmetrical methylation patterns, we observed methyla-
tion of cytosine residues located within non-symmetrical sequences (Mever et al.
1994). Non-symmetrical m°C 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 A7 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 A7 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 AT activity in Petunia hybrida. 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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1 Introduction

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
polymorphisms (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 Repel 1975, MeverowiTz 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. | 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 (LLovp 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,
FeLomann and Marks 1987; 2/20, ScHmipT and WiLLmitzer 1988; 1/10, VALVEKENS
et al. 1988; 2/11, SanewaN 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 (ScHmipT and WiLLmiTzER 1988), roots (VALVEKENS et al. 1988),
seeds (FELomanN and Marks 1987), zygotic embryos (Sanewan et al. 1991) and
whole plants (BoucHez et al. 1993; BecHtoLp 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% to the extreme of no resistant
seedling. Of a total of 263 transformants analysed, 21 were reported to produce
only 8%-69% resistant seedlings (FELomann and Marks 1987; ScHmipT and
WiLLmiTzer 1988; VaLvekens et al. 1988; Damm et al. 1989; KarescH et al. 1991;
SaNGwAN et al. 1991; BecHToLp et al. 1993), and 19 transformants yielded 0%—4%
resistant progeny (FELbmMaNN 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, Zirich) 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, similarto 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, MITTELSTEN ScHEID et al. 1991,
Assaab et al. 1993), neomycin phosphotransferase (npt//, KiLey et al. 1992, Assaap
et al. 1993) and ro/B (DeHio and ScHeLL 1994). These genes were fused to either
the cauliflower mosaic virus 35S promoter (CHanG 1988; MITTELSTEN ScHEID et al.
1991; Assaap et al. 1993; Denio and ScHelL 1994) or the nopaline synthase
promoter (KiLey 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 a/bbinding gene cab140and 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% (MiTTeLsTEN ScHEeID 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 (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
foran 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 ro/B gene (Denio 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
(MiTTeLsTen Screp et al. 1991; Kisy et al. 1992). In other cases, they exhibit a broad
spectrum of intermediate expression phenotypes (Assaap et al. 1993), a charac-
teristic weak expression in certain lines (KiLey et al. 1992) or partial resistance in



Transgene Inactivation in Arabidopsis thaliana 33

interaction between active and inactive genes (O. Mittelsten Scheid, unpub-
lished, see Sect. 3.8). The inactivated cab740 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 ro/B
(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 (CHaNnG 1988; MITTELSTEN ScHED et al. 1991; KiLey 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 (KiLey et al. 1992; AssaaD et al. 1993; Denio 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 (KiLy 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 Assaap et al. (1993) in
which the copy number had been reduced to one as a result of intrachromosomal
recombination (Assaap 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 (Assaap 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 (MITTELSTEN 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™ to 107 (PeTerHANS et al. 1990; Assaap and SieNer 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 (MITTELSTEN 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 (MiTTELSTEN ScHEID et al. 1991; KiLey et al. 1992; Assaap
et al. 1993; BrussLan et al. 1993). In some cases, silencing even increased
progressively over successive sexual, self-pollinated generations (Kiey et al.
1992; Assaap etal. 1993). Inheritance of the silent state even occurred if the 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 ro/lB gene was found to be active
in young seedlings (DeHio and ScrelL 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 (Assaap et al.
1993; BrussLaN et al. 1993; Dexio and ScHeLL 1994).

3.5 Transcription

In all cases investigated, the level of transcript corresponding to the inactive gene
has been found to be reduced (MiTTeELSTEN ScHEID et al. 1991; Assaap et al. 1993;
BrusstLan et al. 1993; Davies 1993; Derio and ScreLL 1994). Transcription initiation
measured in “run on” experiments was also reduced, although to a lesser extent
than the steady state mMRNA level (5x versus 25x, BrussLan et al. 1993; bx versus
100x, Denio 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 M.A. 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 ®C compared to other angiosperms
(LeutwiLER et al. 1984; Pruitt and MeverowiTz 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 *C (CHang 1988; MiTTELSTEN ScHED et al. 1991; KiLsy et al.
1992; Assaap et al. 1993; Brussian 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 (KiLey 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 (MiTTELSTEN ScHEID et al. 1991),
and more pronounced only in later generations (O. Mittelsten Scheid, unpub-
lished), matching the observation of KiLy et al. (1992). Hypermethylation was
foundin 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 ro/B gene (DeHio and ScHeLL 1994). Some transgenes have been
found to carry slight methylation in expressing lines (KiLey et al. 1992; Assaap 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 (KiLey 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 (ManpaL et al. 1994). Growth of Arabidopsis on azacytidine also
resulted in demethylation of rDNA (KiLey et al. 1992). However, it has not yet been
established whether the strongly reduced seed set and seedling viability seen in
two later generations (KiLey 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 [MITTELSTEN ScHEID et al. 1991; KiLey 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 ro/B gene generally becomes reactivated in
each generation (Denio 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 (MITTELSTEN 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 (MITTELSTEN SCHEID
etal. 1991).

3.8 Genetic Effects of Inactive Transgenes

Repeats of transgenes within one genetic locus, silenced by cis-inactivation
(MaTzkEe 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 (O. 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 cab740 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 (Vovtas
and AusuBeL 1988; PeLeman et al. 1991). No transposition of the heterologous
transposon Mu7 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 Tag? (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 Ds derivatives, as well
as the En-1 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; ScHmipT and WiLLmiTzer 1989; Carbon et al. 1993). Both Acand En-
1remained active for at least three generations after transformation (ScHmipt and
WiLmitzer 1989; Carpon 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; BancrorT and Dean 1993) and the level of transposase mMRNA (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 (FEpororrF 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 (FebororF and SmitH 1993). Germinal excision rates were
found to be reduced in later generations (BANcrRoFT 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 itis 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 (KiLsy 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
etal. 1992b, FELomanN 1992, CouprLaND 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 hypomethylated 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 ro/B gene (Denio 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 (O. 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; Let et al. 1990; OrrrinGa 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 ber 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). In 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, ap1, 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). | 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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1 Introduction

The gene silencing phenomenon to be discussed here, initially termed “co-
suppression” (NapoLl et al. 1990; Van per KroL et al. 1990; Jorcensen 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 (Mot 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 (Napoul 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 (NapoLl
et al. 1990; Van per 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 (Napoul 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 (JorcenseN 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 (Joreensen 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 different from
those of other cells in other positions. The pattern boundaries are coincidentin 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 BLokLanp 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 (JorRGENSEN 1993a,b).

The observation 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
abranch ages, and simultaneous changes in different branches have been noted
(JoraENsEN 1994) implying that changes can occur in any floral meristem. Because
the inherited L2 layer and the L1 layer in which epidermal pigment is produced are
separate.developmental lineages 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 Mot 1993; MAaTzke and MATzKE 1993; MaTzkE et al. 1993; AssaaD
et al. 1993; VAUCHERET 1993; GorinG et al. 1991; MEevYer et al. 1993; GRIERSON et al.
1991; Fraverl 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 al.,
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 homologues
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 [MRNPJ*
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]Y. 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

Translation
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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; FAueron 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 (Hager 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 (TArRTOF and Henikorr 1991; Henikorr 1992; PiroTTA 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
VanpewlieLE 1989). Evidence for the existence of dsRNA in plants is however very
weak (Grierson et al. 1991; JoraenseN 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 (LinpbBo 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 (HarT et al. 1992; Meins 1989; MEeins 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 (Hosss et al. 1993;
Assaap et al. 1993; ScHED 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; Hosss 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
(Hosss 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 BLokLano 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 al., 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
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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; be 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 mMRNA and gene expression in
this genotype, it is clearly insufficient. Similar conclusions have been drawn by
Mol and co-workers (de Lange et al, this volume; Van BLokLanp 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
mMRNA, 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; RogerT 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 per 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 effic<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>