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TRANSGENERATION MEMORY OF STRESS IN PLANTS

BARBARA HOHN*

Memory, in the sense of the word as used for mammals and other eukaryotic organisms, is not
known for plants. However, incidences of memory as defined as epigenetic transgeneralional
effects, leading to induced or stochastically occurring changes to persist in the following
generations, has been described for plants since long. Our own experiments on the frequency of
homologous somatic recombination, as influenced by environmental conditions, have led to the
unforeseen findings that increased rates of recombination persist into untreated generations. This
is a unique example for transgenerational inheritance of a molecularly defined trait. The potential
meaning of these results for evolution will be examined, critical questions as fo the importance of
the findings and their possible general relevance will be discussed. Recent findings on plants will
be incorporated into the general picture of transgenerational memory in other organisms.

t represents a special challenge to report on recent
findings on plant memory, especially in the light of
ose’s ideas. “Bose considered memory as a
mechanism of storing information and suggested a
physical model using ferromagnetic powder and a
phosphorescent point.... J.C. Bose advocated that plant
has a nervous system through which electric pulses move
due to depolarization of membrane.....”". It remains to be
decided, however, what “memory” actually means.

In earlier experiments it had been demonstrated that
environmental stress leads to increased levels of
homologous somatic recombination. The result of plants
to a multitude of environmental stresses is tolerance to
conditions such as excessive or inadequate light, water,
salt or temperature. Plant physiology is known to change
under abiotic or biotic stresses, but also changes in the
genome have been identified. Already the genomic shock
hypothesis, established by Mc. Clintock tried to relate
genomic change to environmental challenge®. Infection by
a virus was shown to lead to mutations in maize®. UV-C
light was the inducer of transposon reactivation in maize*.
Nutritional deprivation led to major developmental changes,
including gradual changes of total nuclear DNA and
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appearance of a hitherto undetected DNA element in
flax®.

Using several recombination monitoring transgenic
lines of Nicotiana tabacum and Arabidopsis thaliana, the
influences of heat, UV-B, a fungal pathogen and viruses
werc shown to result in elevated levels of homologous
recombination®. It has previously not been determined,
however, whether plants form successive generations of
the originally stressed plants inherited the capacity for
genomic changes. We could show, that Arabidopsis
thaliana plants treated with short wave-length UV or
flagellin, an elicitor of plant defence reactions’ not only
reacted to these stresses by increased rates of homologous
recombination but that the offspring of these plants
retained the “memory” of this experience, or its reaction
to it, for further generations. In addition, it could be
demonstrated that this epigenetic inheritance could be
transmitted both through the maternal or paternal germline
and that this effect was dominant. Of special importance
was the result that transmission of the memory was not
dependent on the presence of the recombination transgene
locus but that the epigenetic “imprinting” was independent
of the presence or absence of the reporter transgenc. Thus,
the epigenetically changed state of the progeny
generations must have occurred throughout the genome
or in an unidentified locus. This was a totally unexpected
finding.
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of the active Mu transposon®. Activity of the transposon
seemed to persist over several generations.

Attack by Pseudomonas syringae on Arabidopsis led
to centromeric DNA hypomethylation and heterochromatin
changes'S. Non-centromeric sequences were not analysed.
Discussion of these experimental results called for an active
mechanism for DNA demethylation. Experiments published
meanwhile established the role of ROS 1, the repressor of
silencing, a 5-methylcytosine DNA glycosylase, as mediator
of base excision repair, thus erasing DNA methylation'.
An exciting link between DNA demethylation and small
RNA regulation has very recently been uncovered by the
isolation and functional characterisation of ROS3, which
by interaction with ROS1, and binding to small RNAs exerts
its function in demethylation and thereby regulation of
activity of genes'®.

A strong connection between the regulation by small
RNAs, DNA methylation and gene activity has been
established by the functional characterisation of
paramutation, a classical example of transgenerational
epigenetic regulation of a gene on one chromosome by
that of the other!®2° , thus characterising another example
of non-Mendelian inheritance. Recent experiments have
shown that the small RNA silencing machinery is involved
in this phenomenon: mutants suppressing the
paramutational phenomenon, which consist of DNA
methylation dependent suppression of one allele by the
other, could be isolated and characterised®'. This work
thus established another close link between gene activity
and DNA methylation/regulation by small RNAs.

Paramutation seems to be a general phenomenon, as
it has recently been shown to exist in animals; mice
heterozygous for the Kit locus, carrying a white tail,
transmitted this phenotype to grandchildren of crosses to
wildtype mice, even when these were genotypically
wildtype?2. Another fascinating link to small RNA mediated
gene regulation was the result that injection of a particular
miRNA into fertilised eggs induced the white tail
phenotype. Injection of another miRNA targeting a key
gene regulating cardiac growth into fertilized mouse eggs
caused genetically transmissible cardiac hypertrophy®.
This latter experiment, although in need of a mechanistic
explanation, may lead the path to clinical exploitation of
the phenomenon of paramutation.

Analysis of transgenerational effects of environmental
toxins affecting male fertility have led to new insights on
epigenetic influences, affected by delivery of toxic
components such as the endocrine disruptor vinclozolin,
on the spermatogenic capacity and male infertility**. The

described effects were transferred through the male
germline to all of 4 subsequent generations. These studics
show that an environmental factor such as an endocrine
disruptor is able to reprogram the germ line and to promote
transgenerational discase. Studies such as these are
instrumental in promoting translational research, leading
from epigenetic analysis of disease to applications of
toxicology studics.

Another example of transgenerational epigenetic
inheritance is the Agouti variable yellow allele in mouse,
in which changes in DNA methylation of the long terminal
repeat of a retrotransposon determines activity of the
yellow coat gene. This trait is maternally inherited™.

An especially intriguing aspect of transgenerational
memory of an epigenetic trait was revealed by studies of
M. Meaney and collaborators; the behavior of rat mothers
towards their offspring depended on the epigenctic trait
of an estrogen receptor gene promoter in the hippocampus
of the analysed animals®. Offspring of mothers that
showed high levels of licking and grooming of their pubs
were found to have differences in DNA methylation in the
glucocorticoid receptor gene. These differences and the
corresponding behavior persisted to the next generations®’.
This is a fascinating example of a genetically transmitted
cpigenetic change of a genetic trait. Reversal of this
maternal program by methionine infusion is correlated with
changes in DNA methylation, thus showing that the
epigenetic program is at least potentially reversible™.

Some examples for transgenerational changes in
gene activity induced by deliberate changes of DNA
methylation : Although in these experiments DNA
methylation changes are by necessity general over the
whole genome and not specific to the desired target
gene(s) correlations between methylation and
transgenerational change of gene activity can be made. In
the example given above, in which donation of a precursor
for DNA methylation induces an epigenctic behavioral
change, the results complement those gained with analysis
of genetic differences of the nursing rat mothers which
are transgenerationally inherited by their daughters.

Tobacco plants in which a methyltransferase has been
silenced through transformation with an antisensec
construct exhibited hypomethylation of a series of genes,
many of which were related to biotic or abiotic stress
response?’. Complementing experiments showed that the
level of DNA methylation changed in response to external
stress, similar to the Pseudomonas syringae experiments
mentioned earlier.
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Mutations in the DDM locus of Arabidopsis thaliana
result m DNA demethylation in heterochromatic centromeric
and pericentromeric repeats and suffer morphological
abnormalities, both characters being progressive with
generations®®. Loss of CG methylation in plants deficient
in the DNA methylase gene MET! leads to almost complete
lethality while plants with only partial loss of this
enzymatic activity accumulated developmental abnormalities
with concomitant gradual loss of CG methylation®. Of
interest is the recent finding that up-regulation of non-CG
methylation through a “backup” mechanism involving
down-regulation of the DNA demethylase ROS 1 can rescue
the met! deficient plants®2.

Work on bees, in which down-regulation of a DNA
methyltransferase gene led to a royal jelly — like effect, is
another, very exciting example of epigenetic regulation of
development; larvae treated with royal jelly or small RNAs
interfering with methyltransferase activity gave rise to
queens®®. Although this is probably a generational and
not transgenerational effect, it still provides new evidence
for an epigenetic effect of nutrition on developmental fate
and bee sociology.

These were just a few examples for the epigenetic,
and in most cases transgenerational effects in which
relationship between epigenetic marks on the DNA and
phenotypes could be correlated. Further examples can be
found in References 34 and 35. a
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