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Abstract
The study reviews trait inheritance, which is in contradiction with the rules of Mendelian genetics, and which was 
object of controversies among biologists (sometimes with grave political consequences) in the USSR and Soviet-
controlled countries in the 1930s–1960s. “Carryover” or “memory” effects of the climate, to which maternal trees 
are exposed during seed development, on phenological behavior and other adaptively relevant traits of their off-
spring in conifers are mentioned; similar effects are associated with the germination and early growth environment. 
Molecular mechanisms underlying these effects include covalent modifications of DNA or DNA-associated proteins 
(cytosine methylation, various types of histone modifications), micro-RNAs and small interfering RNAs. Tools for 
the identification of these modifications are reviewed with a focus on cytosine methylation, along with an overview 
of the hitherto knowledge on the occurrence of DNA modifications in forest trees. The practical implications of epi-
genetic inheritance in forest trees are discussed with the focus on the adaptation to climate change and legislation 
on forest reproductive materials.
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1. A bit of history
Although naturalists often suffer from the illusion that 
natural science is independent from external ideological 
and political influences, more than often this is just an illu-
sion. The almost fifty-year period of so-called Michurin-
ian biology in the Soviet Union and its eastern-European 
satellites (including Czechoslovakia) is a bitter reminder 
of detrimental, even fatal effects of political influence in 
science. This “science”, abusing the name of famous Rus-
sian and Soviet plant breeder I.V. Michurin, is associated 
with the name of T.D. Lysenko, a Stalin favourite and 
long-time director (1938–1962 with a short interruption) 
of VASKhNIL, the Lenin All-Union Academy of Agricul-
tural Sciences. It was not only the abuse of political power 
for intimidation, professional and sometimes even physi-
cal disposal of scientific opponents, but also absurdity 
of theories and weakness of experimental fundaments 
on which their dogmas were built, which characterized 
Lysenko’s era. Even though agricultural plants and ani-
mals were the primary focus of Soviet “agrobiologists”, 
the shadow of this pseudoscience did also encompass 
forestry, including Czechoslovak forestry in the 1950s 
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and early 1960s. In many cases, the theories of Michurin-
ian biology can only be described as charlatan, such as 
those on the creation of living cells from mixtures of high-
molecular organic substances, transformation of viruses 
into bacteria and back, or saltational changes of species 
identity under the influence of the environment (Soyfer 
2011). Based on practical experience in agriculture and 
horticulture, Lysenko and his followers hypothesized 
“soft heredity” mediated by a plethora of organic sub-
stances in a cell (not nucleic acids), resulting in strong 
effects of environment on phenotype and transmission 
of such environment-induced phenotypic changes into 
the offspring generation (Flegr 2002).

Even though Lysenko’s influence started to decline 
already in late 1950s, he retained his position even dur-
ing the Khrushchev era; it required an intervention 
of prominent Soviet scientists (mostly non-biologists) 
such as Sakharov and Kapitsa to have his theories pro-
claimed as pseudoscience, and he lost his position only 
after Khrushchev’s fall. Nevertheless, his effect on biol-
ogy in the USSR was devastating and remained visible 
long after his dismissal.
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previously mentioned study: autumn bud set and spring 
flushing were earlier and they were more frost-hardy 
in the autumn (Johnsen et al. 2005b). 

Environmental conditions during germination and 
early growth can affect phenology in a similar way. In a nur- 
sery experiment with Norway spruce and European 
larch, Gömöry et al. (2015) found that provenances sown 
in a warm nursery delayed budburst consistently com-
pared to those grown in a cold nursery, wherever they 
were later transplanted. 

In a certain way, such observations confirm Lysenko’s 
ideas of soft inheritance of traits, meaning that traits 
induced by environment during the ontogeny of an 
individual are transmitted to its offsprings. As this type 
of heredity is not associated with a change of the genetic 
information sensu stricto, it is called epigenetic. This term 
is used to describe heritable (not necessarily sexually, but 
at least during the cell division, mitosis) changes to gene 
expression not caused by changes of the DNA sequence 
itself.

3. Molecular mechanisms of epigenetic 
inheritance
Carryover effects and other epigenetic phenomena have 
important implications for biology, medicine, agriculture 
or forestry. Nevertheless, they do not contradict to the 
paradigms of genetics, and can be explained by mecha-
nisms involved in the molecular basis of heredity. Phe-
notype of a tree does not depend exclusively on genotype 
(in the meaning of the composition of alleles constitut-
ing a genotype). It results from physiological processes 
depending on the activity of genes. Phenotypic traits from 
the subcellular level to the level of organism depend on 
the timing and location of gene expression. The basis of 
epigenetic inheritance needs to be looked for in molecular 
mechanisms regulating transcription and translation of 
genes, which are on one hand inducible by environmental 
signals, and on the other hand reproducible and transmit-
table across generations.

Mechanisms underlying epigenetic effects include 
histone modifications. Histones are proteins that pack 
the chromosomal DNA in eukaryotic cells into nucleo-
somes, molecular coils serving for the organization 
of huge DNA molecules and allowing the cell to manip-
ulate with them during cell division. Each nucleosome 
consists of eight histone cores, around which approxi-
mately 147 bp (basepairs) of DNA are wound. In the 
nucleosome, each histone can be potentially modified by 
a number of covalent modifications, including acetyla-
tion, methylation, phosphorylation and ubiquitination, 
whereas the modification status decides whether the 
chromatin around nucleosomes and the associated genes 
will be transcriptionally active or inactive (Turner 2000). 

Small interfering RNA (siRNA) and micro RNA 
(miRNA) molecules also play an important role in epi-

Now, the question is: was all the “Michurinian biol-
ogy” a pure nonsense? And what does it have to do with 
forestry?

2. Uncommon trait inheritance in trees
In Scandinavia, conifer seed orchards or clonal collec-
tions used for seed production by mass controlled pollina-
tion were routinely moved to southern regions in order 
to obtain higher yields of seed material in seed orchards, as 
the amount of seeds produced by the trees decreases and 
the intervals between mast years become longer towards 
the North due to the harshness of climate. However, the 
offspring of translocated seed orchards exhibited lower 
frost resistance compared to the original northern popu-
lations (Johnsen 1989; Dormling & Johnsen 1992). A 
poorer performance of such offspring in terms of frost 
hardiness was initially attributed to pollen contamina-
tion from the local (southern) pollen sources, which is 
typically high in Scandinavia. However, later investiga-
tions showed that progenies originated from controlled 
crosses behaved in the same manner. It appeared that 
the seeds produced in southern seed orchards ‘remem-
ber’ in some way the climate at the site of production, 
despite containing genes inherited from parents originat-
ing from the North (hence the designation ‘memory’ or 
‘carryover’ effects). Similar observations were made on 
North-American conifers (Greenwood and Hutchison 
1996; Stoehr et al. 1998; Webber et al. 2005).

Another line of evidence for heredity not obeying 
the rules of genetics comes from provenance trans-
fer. In Scandinavia again, quite much Norway spruce 
originating from Central Europe (Germany, Austria, 
the Carpathians) was planted, and some plantations 
already reproduce. Offsprings from such plantations 
resemble the local indigenous plantations rather than the 
material translocated from identical Central-European 
source populations in terms of timing of budburst, bud-
set, growth cessation and other adaptive traits, which 
means that in spite of unchanged genetic structures, 
the populations of Central-European origin changed 
their phenological behavior within a single generation 
(Skrøppa et al. 2010).

In later controlled-pollination experiments performed 
in climatic chambers, greenhouses and also under field 
conditions, it was found that the temperature during seed 
development of Norway spruce affects important phe-
nological characteristics. Cold environment advanced 
autumn bud set, cold acclimation, spring dehardening 
and flushing. On the other hand, the conditions during 
the pre-zygotic stage and fertilization did not affect phe-
nology (Johnsen et al. 2005a). The effect of temperature 
also interacts with the daylength effects, plants subjected 
to high temperature and long days and those subjected 
to low temperature and short days expressed charac-
teristics similar to cold-subjected individuals from the 
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genetics. siRNAs are double-stranded RNA molecules 
with a length of 20 – 25 basepairs, while miRNAs are 
single-stranded with a length of about 22 nucleotides. 
Both types regulate gene expression by interfering with 
the translation of the information contained in the DNA 
to proteins, usually by cleaving the messenger RNA 
(mRNA), which is the carrier of information on protein 
primary structure, or otherwise speeding the degrada-
tion of mRNA. 

Finally, gene expression is affected by methylation 
of DNA cytosines. Other DNA base modifications may 
occur as well (Vanyushin 2005). Adenine methylation 
was thought not to occur in eukaryotes, but has recently 
been reported in mouse embryonic stem cells (Wu et al. 
2016). Methylated cytosines mostly occur in the con-
text where cytosine is located next to guanine (CG). 
This configuration allows for symmetric methylation on 
both strands of DNA, as cytosine is complementary to 
guanine. In plants methylated cytosines often occur in 
other contexts as well (CHG and CHH sites; H = A, C 
or T), having their own maintenance mechanisms and 
function (Chan et al. 2005). Sometimes only one strand 
of DNA is methylated, which is called hemimethylation. 
The methylated CG sites often occur concentrated on the 
so-called methylated CG islands (Neumann & Barlow 
1996). The function of DNA methylation also differs with 
its different position within the genes. While methyla-
tion towards the beginning of a gene (promoter or first 
exon) inhibits production of proteins, regions more 
downstream can behave differently (Suzuki & Bird 
2008; Brenet et al. 2011). In the downstream regions of 
gene loci, DNA methylation has been shown to induce 
alternative splicing, i.e. the removal of introns from the 
primary transcript, creating different proteins from the 
same DNA template (Maunakea et al. 2013). There are 
several mechanisms how DNA cytosine methylation 
inhibits gene expression. First, DNA methylation seems 
to be linked with histone methylation and the formation 
of heterochromatin, a transcriptionally inactive (not pro-
tein-producing) state of chromatin (Soppe et al. 2002; 
Hashimoto et al. 2010). In a more direct manner, meth-
ylation interferes with binding of transcription factors, 
proteins that facilitate transcription of DNA into mRNA 
or, alternatively, may attract repressors of transcription 
(Bird 2002).

Epigenetic mechanisms play a role in a plenty of 
processes such as cellular differentiation (Hsieh & Gage 
2005), inactivation of specific genes, transposons (DNA 
sequences that can change their position or multiply 
across the genome; Miura et al. 2001) and viral DNA/
RNA (Raja et al. 2008).

4. Technical means for the study of DnA 
methylation
The technically easiest procedure for the identification 
and quantification of cytosine methylation in the genome 

is the methylation-sensitive amplification polymorphism 
(MSAP) technique, which is a modification of the widely 
used amplified fragment length polymorphism (AFLP) 
method. AFLP is based on DNA cleaving with a pair 
of restriction endonucleases (enzymes searching DNA 
for a particular sequence motif and cleaving it where 
the motif is found), ligation of short oligonucleotides 
(adaptors) at the ends of the formed fragments and 
amplification of fragments by polymerase chain reac-
tion (PCR). MSAP replaces frequent-cutter enzyme from 
AFLP with a pair of restriction enzymes with different 
sensitivity to cytosine methylation, HpaII and MspI both 
targeting identical recognition sequence (CCGG). Both 
of these enzymes can cut a non-methylated site, while 
only MspI is able to cut the DNA if the inner cytosine is 
methylated (CmCGG), either on both sides or one side 
of the double-stranded DNA whereas HpaII is able to 
cleave sites where the outer cytosine on only one strand 
is methylated (mCCGG). Difference in the presence or 
absence of a particular fragment in samples treated by 
either endonuclease allows thus assessing the methyla-
tion status of the CCGG sequence on its end.

MSAP can be used on any species without prior 
knowledge of its genome, it covers the whole genome as 
the fragment positions are randomly distributed across 
the genome, and is relatively cost-effective. On the other 
hand, it screens anonymous loci, which cannot be asso-
ciated with known genes or identify new genes, except 
when sequencing of fragments is performed post hoc. 
Moreover, some MSAP patterns are either questionable 
or cannot distinguish methylation change from a genetic 
mutation (Fulneček & Kovařík 2014). Also, MSAP is 
quite sensitive to technical imperfections and it is some-
times difficult to standardize the results.

There are several alternatives to detect DNA methyla-
tion. Bisulfite sequencing uses a series of chemical reac-
tions to convert unmethylated cytosines to uracil, which 
is then replaced by thymine during the PCR reactions. 
Samples treated and untreated with bisulfite ions are then 
sequenced and compared to obtain the exact methyla-
tion information. This method requires DNA sequenc-
ing making it more complicated and expensive than 
MSAP; in spite of this, it has currently become a stand-
ard for epigenetic studies, especially in model organisms. 
Alternatively, the standard restriction enzymes used in 
MSAP can be replaced by MseI + Acc65I/KpnI (recogni-
tion sequence GGTACC) that has easier interpretation 
in regards to methylation than the HpaII/MspI pair 
used in MSAP (Chwedorzewska & Bednarek 2011). 
The methylation-sensitive restriction enzyme polymer-
ase chain reaction (MSRE-PCR) and the methylation-
dependent restriction enzyme PCR (MDRE-PCR) use 
restriction enzymes sensitive to or dependent on meth-
ylation (just like those used in MSAP) to cleave the DNA 
and subsequently attempt to amplify particular loci (for 
example candidate genes) with PCR, failing if the DNA 
between the primers has been cut, which in turn depends 
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on the methylation of the restriction site. MSRE-PCR 
can use a variety of available restriction enzymes, includ-
ing HpaII, Hin6I, NotI or HhaI (Melnikov et al. 2005; 
Oakes et al. 2006). MDRE-PCR uses enzyme McrBC that 
cleaves RmC(N40-3000)RmC sites (R = G or A). The recogni-
tion site of McrBC is a bit more tricky, it requires two RmC 
(i.e. GmC or AmC) half-sites separated by 40 to 3000 nucle-
otides (55 to 103 nucleotides are optimal). McrBC cuts 
the DNA near one of the half-sites, but it is not defined 
which one (Stewart et al. 2000), therefore it is important 
to have both half-sites located within the region that is 
to be amplified. MSRE-PCR and MDRE-PCR are also 
able to take advantage of the real-time PCR that further 
simplifies and speeds up the process of analysis (Oakes 
et al. 2006).

Direct sequencing of base modifications in single-
molecule next-generation sequencers is expected to 
become common in the future. Currently only PacBio 
R instruments from Pacific Biosciences and nanopore 
instruments from Oxford Nanopore Technologies are 
useable in this way (Flusberg et al. 2010; Murray et al. 
2012; Schreiber et al. 2013). However, such analysis will 
be hard to apply to trees, generally having large genomes.

5. Hitherto knowledge of epigenetic 
variation in trees
Epigenetics was suggested to be one of the mechanisms 
underlying phenotypic plasticity, i.e., the capability of a 
single genotype to be expressed in multiple phenotypes 
depending from the environment (Bossdorf et al. 2008; 
Jablonka and Raz 2009; Kramer et al. 2017). In forest 
trees as long-lived organisms with complex life cycles 
exposed to environmental fluctuations over their long 
lifetimes, plasticity is of utter importance for their sur-
vival and adaptation to rapidly changing climate condi-
tions (Rehfeldt et al. 1999; Rohde and Junttila 2008). 

The relation between epigenetics and phenotype 
in trees is an under-explored area, although first studies 
in this field exist. Bräutigam et al. (2013) provided an 
excellent review of various aspects of epigenetic in for-
est trees. Here we mention only those relevant in terms 
of responses of trees to environmental signals. 

In the case of carryover effects associated with the cli-
mate and photoperiod during embryogenesis, a number 
of possible epigenetic mechanisms, including DNA 
methylation, were theorized to be responsible. Johnsen et 
al. (2005a) mentioned unpublished data suggesting that 
plants from warmer environment had higher levels of the 
overall DNA cytosine methylation. Yakovlev et al. (2010) 
found and sequenced 16 micro-RNAs that showed dif-
ferent transcription levels between cold-environment 
and warm-environment Norway spruce individuals. 
They also confirmed that these miRNAs indeed affect 
transcription levels of their predicted target genes.

In angiosperms, most evidence for epigenetic effects 
on phenotypic traits is available in poplars and eucalypts. 
In poplar cuttings of the same genotype obtained from 
different geographic locations, subsequently grown 
under common environmental conditions, and exposed 
to drought stress, Raj et al. (2011) observed differences 
in genome-wide DNA methylation levels and transcrip-
tome composition related to climate conditions, in which 
parental trees were growing. Genotypic variation for both 
DNA methylation and yield-related traits and a relation-
ship between them was observed in Euramerican black 
poplar hybrids (Gourcilleau et al. 2010). DNA methyla-
tion may be a mechanism of gene expression regulation 
in poplar in response to drought stress (Hamanishi & 
Campbell 2011). A functional link between an epigenetic 
mark and variation in cellulose content was discovered in 
eucalypts (Thumma et al. 2009). As for the other genera, 
Gugger et al. (2016) found an association between spe-
cific methylated sites and climatic variables in Quercus 
lobata.

There is also abundant evidence for the participation 
of DNA methylation or covalent modifications of his-
tones in developmental processes and ontogeny (Fraga 
et al. 2002; Santamaria et al. 2009; Valledor et al. 2007); 
however, in this case the durability of epigenetic marking 
and its transferability across generations is questionable.

6. Implications for forestry practice?
The example of the translocation of conifer seed orchards 
in Norway clearly demonstrates that the current forestry 
practices and legislation largely ignore the issue of epi-
genetics. The current paradigm from which all practi-
cal measures are derived is that of classical quantitative 
genetics: tree phenotype results from the interaction 
between genotypic and environmental effects, where 
genotype and environment are independent. Genes 
remain the same wherever a tree naturally grows or is 
planted, and conversely, climate, soil, surrounding biota 
etc. are not affected by tree’s genes. Consequently, the 
location of seed sources or nurseries does not matter, 
wherever basic materials are situated or wherever for-
est reproductive materials (FRM) are produced, their 
genetic structures remain unaffected. The problem 
of this view is that even though it has been traditionally 
and successfully applied in breeding, it is quite mecha-
nistic. Indeed, environment cannot change nucleotide 
sequence in a gene (except for environment-induced 
mutations, but these are commonly rare in a typical forest 
environment, and are random, thus may be detrimental, 
neutral or beneficial). Therefore, neither the European 
legislation (Directive 1999/105/EC on the marketing 
of forest reproductive material) nor national legislations 
set any restrictions on the location of basic materials or 
growing plants. In fact, the EC directive prohibits setting 
such restrictions. Any forest company is allowed to estab-
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lish a seed orchard or clonal collection at any place of their 
choice, any nursery is allowed to grow reproductive mate-
rials of any origin, and no state is authorized to set legal 
restrictions on marketing of such materials, provided it 
comes from approved sources. The underlying logic is 
that it is only the genes contained in the reproductive 
materials, which decide about its future behavior. The 
thing is, the way from the genetic information contained 
in a gene to the gene-controlled phenotypic trait is long 
and rarely simple. To become effective, the gene needs 
to be translated into a polypeptide, which needs then to 
fold and sometimes to be chemically modified to become 
a functional protein. For phenotypic expression, not only 
the quality of a gene product is important (although even 
here must be reminded that due to alternative splicing 
and posttranslational modifications a single gene may 
result in multiple functionally differing proteins). The 
when and where in the plant’s body the protein is pro-
duced, and how much of it is produced, is also important. 
Environment can exert essential effects on timing, loca-
tion and intensity of gene expression, and these effects 
can be persistent, even heritable. This is the basis of the 
epigenetic memory described above, and implies risks, 
which are not at all considered in the legislation on FRM.
On a positive note, epigenetic phenomena may allow for 
a rapid adjustment of forest tree populations to environ-
mental changes. We deliberately avoid using the term 
‘adaptation’ in this context, as this term is commonly 
used for changes of allelic structures through natural 
selection in response to environmental pressures. The 
capacity of a population to adjust phenology (and poten-
tially other adaptive traits) to local climate and photo-
period as described by Skrøppa et al. (2010) is relevant 
in the context of climate change: even when the adult 
trees will be damaged by climatic stress, the offspring 
generation may already be able to cope with the new 
climate. Close-to-nature forestry, leaving the broadest 
space for natural processes, may thus be a viable com-
plementary strategy to assisted migration in mitigation 
of climate-change effects.

So, returning to the question in the title: does the 
discovery of epigenetics mean a victory for what was 
called “Michurinian biology”? Not at all. Even though 
the mainstream science is known to get the things wrong 
sometimes, the attitude of Lysenko and his followers was 
equivalent to that of the present-day climate-change 
skeptics: highlighting weak points in established theory 
is fully legitimate but ignoring scientific evidence and 
even denying everyday experience is not. Mendelian 
genetics and molecular biology proved their validity. On 
the other hand, Michurinian biology pointed out to sev-
eral interesting phenomena (inheritance of environmen-
tally induced traits is just one of them, cf. Flegr 2002), 
which are fully compatible with genetics and molecular 
biology but remained largely ignored by biologists and 
have been (still are) considered irrelevant in agricultural 

and forestry sciences. The problems resulting from seed 
orchard translocation clearly demonstrate that dogmatic 
approaches to biological problems are detrimental what-
ever authority they rely on.
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