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Charles Darwin
Theory of Natural Selection

changes occur randomly
and the environment selects
the most fit

Jean-Baptiste Lamarck
Theory of Inheritance of Acquired Characteristics

the environment induces changes
through use/disuse of characteristics



Charles Darwin could not account for how traits
were passed from generation to generation
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S— R In 1865 Gregor Mendel found that traits
were inherited in a predictable manner
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Genetics and Plant Breeding - the struggle of the 30’s

Nikolai Vavilov Trofim Lysenko

Theory on the centers of origin Heredity had only a limited role in
of cultivated plants development

Regions with the highest diversity of each Practiced a form of Lamarckism,
species are very important to plant breeding, insisting in acquired characteristics

in order to avoid genetic erosion and loss of
germplasm.



1930s - Darwinian natural selection became understood in
combination with Mendelian inheritance, which connected the units
of evolution (genes) and the mechanism of evolution (natural

selection).

A substantial part of the variation in
phenotypes in a population is caused
by differences between their genotypes

1890-1962
Ronald Fisher, set the foundations for
the establishment of the field of
Population Genetics.

An individual organism's phenotype results from both its
genotype and the influence from the environment it has lived in..



50s - The gene, centered view of evolution

James Watson and Francis Crick in 1953, demonstrated the physical basis for
inheritance. Genetics and molecular biology have become core parts of
evolutionary biology

The formulation of the central dogma of

DMNA transcription

(RNA synthesis) molecular biology made it clear that the
RNA inheritance of acquired characters was not
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Natural variation among ecotypes, defined as strains or races of a
species that are adapted to specific niches, reflect naturally occurring
nucleotide sequence changes (mutations),  due to recombination,
gains or losses of DNA sequences, or hybridization events



Remember that....proteins are responsible for most i

metabolic processes in cells being required for the ‘_\‘_'
structure, function, and regulation of organisms Vﬂw
Gene diversity results from J o
differences in nucleotide
gene A geneB gene C
sequences — M i
| " DNA
Genetic Code - relationships | | | double
between triplets of nucleotides |RNA gene expression helix
(codons) and amino acids
A / A J \ 4
Protein diversity results protein A proteinB protein C
from different amino acid
Original DNA code for an amino acid sequence.
Sequences | I 1 I 1 I 1 I 1 1 I 1 1 1 ) 1 I 1 I ] ] »
MA—~CATCATCATCATCATCATCAT
- His H His H His H His H His H His H His }-
Amino acid )
.| Mutations — spontaneous errors A single mudetid.

in nucleotide sequencesthat CATCATCATCTCATCATCATC
lead to changes in amino acid . w1 TSR
Seq uences Incorrect amino acid sequence, which

may produce a malfunctioning protein.

Figure 4-7 Molecular Biology of the Cell (© Garland Science 2008)



The gene centered view of phenotype differences
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Cubas,P. et al.1999ature 401: 157-161

a. Original herbarium specimen of peloric Linaria vulgaris inflorescence collected
250 years ago by Linneaus and currently housed in the Linnean Society, London.

b. Peloric* Linaria inflorescence from a living specimen.

Wild-type Linaria flower compared to a peloric mutant.

d. Floral diagrams of wild-type (top) and peloric (bottom) flowers showing the
relative positions of different organs: blue (dorsal) brown (lateral) yellow (ventral).

o

wild-type flower has a dorsoventral axis orientated asymmetry (upper part near the
stem and lower part near the subtending leaf).
*peloric flower is radially symmetrical, with all petals resembling the ventral petal of

the wild type. *Pelorism is the term, said to be first used by Charles Darwin, for the formation of
‘peloric flowers' which botanically is the abnormal production of actinomorphic flowers in a
species that usually produces zygomorphic flowers. https://en.wikipedia.org/wiki/Pelorism



Classically, it was believed that evolution only requires mutations in DNA
sequences, and that resulting phenotypic variation reflects the strength
of selection upon phenotypic variability
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- o £

Expression of the dihydroflavonol Seeds from Arabidopsis expressing
reductase gene is required for the chalcone synthase gene have
dark purple petunia flowers dark seed coats

_' 0 Soybeans colours in cultivated varieties
\

®

C.S. Pikaard and O. Mittelsten Scheid Cold Spring Harb Perspect Biol 2014;6:a019315

the unique effect of genomic variation on evolution ary
changes start to be discussed in the present centur y



Researches on epigenetic phenomena and the discovery of transgenerational
epigenetic inheritance , challenged the view that only changes of genetic
sequences undergird the phenotypic variation upon which natural selection can act
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since....

a new layer of information above the genes emerged
— Epigenetics (epi-above) —

Identical genes with distinct expression patterns



Gene Memory: transmission of expression patterns

Different cell types have distinct active
genes but an identical genome.

Iacrophage

(a)

60

e Edge

Leukocyte FPlasma cell

Mast cell

Fat cell
[ signet)

Chromatophore

Waddington 1942 first used

the term epigenetics :

“the causal mechanisms by
which genes of the genotype
bring about phenotypic effects”.

Chromosomes are made of
Chromatin = DNA + proteins
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and are the vehicles of genes
transmitted through mitosis during
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generations through germ cells
produced by meiosis
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What does “epigenetics” mean?

Practically , epigenetics describes phenomena in which genetically identical

cells or organisms express their genomes differently, causing phenotypic
differences.

Different epigenetic
modifications leading to

different expression patterns O

______________ —p

Genetically Different
identical cells or phenotypes
individuals

Teaching Tools
in Plant IOIOgY"“ AN INNOVATION FROM THE PLANT CELL © 2011 American Soclety of Plant Biologists

ideas to grow on



Epigenetic modifications

Literally , epigenetics means above, or
on top of, genetics.

Transcription

Usually this means information coded

beyond the DNA sequence, such as in .
covalent modifications to the DNA or - ,
modifications to the chromatin

structure. Epigenetic

Silencing

Epigenetic modifications include:
— Histone modifications
— Cytosine methylation of DNA

Collectively, these changes contribute to
the distribution of DNA into silent,
heterochromatin and active euchromatin



Epigenetic marks - DNA methylation as the “fifth”
nucleotide base
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Cell differentiation represent multiple epigenomes

Differentiated plant cells
g enormea cell walls with lignin

stored
DNA IMWW information
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Phenotypic discordance in monozygotic twins

Fraga & Esteller 2007TIG 23 413

Ageing induces:

0 DNA methylation drift

O Histone modifications

0 Methylation of tumour-
-suppressing genes

Ageing reveals differences in levels of DNA methylation
and histone acetylation with ~ 50% of changes at
gene promoter regions.

Changes in phenotype accumulate over time, or are
influenced by environmental factors as diet

stem differentiated senescent
cell cell cell
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HDAC inhibitors
HMTase inhibitors
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HDAC inhibitors
HMTase inhibitors




Gene memory
epigenetic marks are transmitted in each cell cycle

¢ ?

>
o) _
& ATG|cdTACT ATG|CQETACT
O | X
$ X Tace dATGA
N Taceé dATGA
Qg i { MET1 1
5ATG |CAdTACT &
3TAcG| dATGA > ?6
| “MAINTENANCE” |
METHYLATION
‘ ATGlcdTacT ATGlcdTacT
TACE dATGA TACE dATGA

[
DNA methylation patterns are inherited through DNA metylases



Open and condensed chromatin
DNA methylation + histone modifications

i Transcription possible i

Gene “switched on”

d Euchromatin

d unmethylated cytosines
d acetylated histones

Gene “switched off”
d Heterochromatin
d methylated cytosines
A deacetylated histones

T Transcription impeded T




Epialleles result from changes in DNA methylation

Linaria vulgaris sequence of Lcyc
gene is identical in both forms

DNA methylation of Lcyc gene induces
silencing in the “mutant”

Sequencing of Lcyc in several peloric
and wild-type F2 segregants showed

that all peloric individuals analysed were
homozygous for the Lcyc epiallele from
the peloric parent, whereas the wild
types were either homozygous or
heterozygous for the allele from the
wild-type parent. Thus, the phenotypes

in the F2 appeared to reflect transmission
of a modifed epiallele of Lcyc.

An issue for taxonomists

adial symmetry

: W )
Cubas,P. et al. 1999 Nature 401: 157-161 - what is a mutant ?

Occasionally the mutant reverts phenotypically during somatic development, correlating
with demethylation of Lcyc and restoration of gene expression. It is surprising that the
first natural morphological mutant to be characterized should trace to methylation.

This indicates that epigenetic mutations may play a more significant role in evolution
than has hitherto been suspected.



The epigenetics view of some phenotype differences

reductase gene (DFR) is required for dark
purple petunia flowers, whereas silencing of the
. DFR promoter gives rise to variegated, light
coloration

Seeds from Arabidopsis expressing the
chalcone synthase gene (CHS) have dark
seed coats whereas silencing of CHS upon
expression of a homologous transgene results
in yellow seeds

Soybeans colours in cultivated varieties
The dark color of soybeans (middle) is
extinguished in cultivated varieties (left)
because of natural posttranscriptional
silencing of the CHS gene and can be
partially reversed by a suppressor protein,
producing a mottled pattern (right).




Epimutations appear to be less stable than DNA-sequence alterations,
as illustrated by the various degrees of somatic reversion in Linaria.
Nevertheless, they may have longer-term consequences, depending
on how the variation they cause interacts with variation generated by
DNA-sequence changes. Furthermore, methylated DNA is more prone
to genetic mutations and may therefore have both a short- and long-
term significance for plant evolution.
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Whether epigenetic phenotypic changes are
advantageous in a given environment, and whether
they are subject to natural selection is of great interest,
and their roles in adaptation and evolution are an area
of active research




Epigenetic programming controls developmental transitions

Embryonic to Vegetative to
vegetative reproductive
transition transition
Embryonic Vegetative Reproductive

development development development



But how gene silencing can be established?

A new world emerge with discoveries on interference RNAs which can
bring about posttranscriptional or transcriptional silencing in neighboring

cells or even in cells in distant organs

DMA transcription
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Disclosure of siRNAs through the discovery of transgene-
induced post-transcriptional silencing

e

Experiments to modify flower color in
petunia gave early evidence of RNA
silencing.

Plants carrying CHS transgene



In an attempt to alter flower colors in petunias,
researchers introduced additional copies

of a gene encoding chalcone
Synthase (CHS), a key enzyme for
flower pigmentation into petunia plants

Phenylalanine Cinnamic acid Coumaric acid
: N £ PAL : e c4
OH OH
CHS

ﬁ
Synthase oo )
(CHS) @ﬁ
Anthocyanins are water-soluble vacuolar pigments
that may appear red, purple, or blue depending on
the pH. Food plants are rich in anthocyanins.
Anthocyanins occur in all tissues of higher plants,
including leaves, stems, roots, flowers, and fruits

and also some of the colors of autumn leaves

come from anthocyanins.
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Expectation - sense RNA production would enhance
pigmentation...

Endogenous gene Protein translated

MRNA
PRO ORF —> @A
MRNA

Transgene Extra protein translated

Sense construct: Sense RNA

PRO — >




But.... antisense RNA production block pigmentation in some

flowers

Endogenous gene

PRO ORF

Transgene

Sense RNA
—>

Sense construct:
PRO ORF

Transgene

Antisense construct: Antisense

RNA

PRO 440 P

Protein translated
é\/\ oA '

Extra protein translated
mMRNA .
MRNA

Sense-antisense duplex forms
and prohibits translation

QI




The Nobel Prize in Physiology or Medicine 2006

Andrew Z. Fire

= | L u%
| - !

Craig C. Mello

"for their discovery of RNA interference -
gene silencing by double-stranded RNA"

GENE ELLED

l Transcription l

Messenger RNA Antisense RNA

Translation
I O g

In 1998, Fire and Mello published a study of RNA
interference in C. elegans showing that the optimal
trigger for silencing was dsRNA




siRNAs as Genomic Defenders

SIRNAs maintain some genes in an epigenetically
silent state

SIRNAs also protect the genome by
» suppressing invading viruses
» silencing sources of aberrant transcripts
» silencing transposons and repetitive elements

Lam, E., Kato' N., and Lawton, M. (2001) Nature 411: 848-853



Viral induced gene silencing - overview

RNA interference is a vital part of the immune response to viruses and other
foreign genetic material, especially in plants where it may also prevent the
self-propagation of transposons (mobile DNA sequences)

~ Virus-encoded
RNA-dependent
RNA polymerase ARNNNERRRRNNNNRRRRRNNN

CCETTTEETTITEEry Tyl _
Viral dsRNA
Viral ssRNA

Double-stranded RNA is
cleaved by DCL to produce
SIRNA which associates with
AGO to silence virus
replication and expression.

Most plant viruses are RNA
viruses that replicate
through a double-stranded
RNA intermediate.

i

LTTETETTTTTTTT |\J,|A|éb |




Plants can recover from viral infection and become resistant

Even before the RNAI pathway was fully understood, it was known that
induced gene silencing in plants could spread throughout the plant in a
systemic effect.

Younger leaves produced on
YOUNGEST a virus-infected plant can be
symptom-free, indicating that
the plant has recovered
from the infection.

OLDEST

This phenomenon is a feature of the plant

adaptive immune system, and allows the

entire plant to respond to a virus after an
initial localized encounter

Inoculate with
virus



Plasmodesmata are regulated connections between plant cells

For short-range movement, RNAI travel from their cell of origin into
neighboring cells through plasmodesmata.
Guard cells, which form the openings (stomata) for gas exchange in
leaves, lack plasmodesmata and are excluded from receiving silencing
signals from adjacent cells

Zambryski, P. (2008) Curr. Biol.18



RNA silencing - overview
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MIR genes are transcribed into long RNAs that are
processed to mMIRNAsS

MIRNAs are encoded by MIR genes

MIR gene
AVANNANVAYAVANAVAN
The primary miRNA (pri-miRNA) | pri_miNA
transcript folds back into a double- 3 O O

stranded structure, which is processed

by enzymes lw

5~ s~ MIRNA
3 MIRNA*
mMiRNA MIRNA* strand is degraded

— MRNA target w o~ y) X




MiRNAs and vegetative phase change

Vegetative phase change is the transition
from juvenile to adult growth in plants.

MiRNAs regulate developmental and physiological eve nts

Vegetative phase

> Germination> > Change
C>

EMBRYONIC JUVENILE ADULT REPRODUCTIVE
PHASE PHASE PHASE PHASE

MiRNAs are encoded by specific MIR genes but act on other genes — they are
trans-acting regulatory factors




RNA interference (RNAI)
Two types of small ribonucleic

S amn b E——— ) acid (RNA) molecules:
l » small interfering RNA (siRNA)
l » microRNA (miRNA)

dsRNA viral replication precursor miRNA

— miRNA

DNA methylation, histone modifications and
small RNAs generated by RNA interference
(RNAI) are tightly interconnected epigenetic

effector complex: RITS RISC RISC mechanisms in plant genomes
genome \{ mRNA
onATIC_TIT RNA 5 TIT Ll 3

DNA/histone methylation mRNA degradation translation block

Methylation of DNA can be the major epigenetic mark that is stably inherited for
multiple generations through mitoses and meiosis, while histone modifications and
small RNA molecules may also contribute to transgenerational transmission of

epigenetic memory.



In Arabidopsis, phase change affects leaf shape and
trichome patterning through miRNA regulation

» Juvenile leaves are rounder, less serrated, and have
trichomes only on the upper surface
> adult leaves also have trichomes on the lower surface.
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mMiR156 targets SPL genes,
iR156 ,mik1ss  seL promoters of phase change

SPL3 | :::Iedlng \\\ "’I

Wild type

'~
-
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In wild-type plants, miR156 expression decreases with plant age, allowing
SPL to accumulate and promote phase change.

Poethig, R.S. (2009) Curr. Opin. Genet. Devel. 19: 374-378



using transgene-induced RNAI to knockout or knockdown the
expression of candidate genes

MiR156 overexpression prolongs juvenile phase

MiRNA156++
1099090080099 mirise|--m-m-m---
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function &

miR156 -

MIRNA156 -

mMIiR156 loss-of-function promotes precocious phase ¢ hange



Vernalization is epigenetically regulated

Environmental conditions such as photoperiod or temperature provoke
changes in RNA- or chromatin-based transcriptional regulation.

Some environmental conditions induce altered chromatin and gene
expression states that persist even after a return to the original environmental
condition, as in the case of vernalization in which plants “remember” their
experience of winter to flower the following spring.

Vernalized plant

Chilled for a month at 5
degrees Celsius, planted at
ordinary temperature

Slightly
germinated
seed

No chilling, planted at

ordinary temperature Non-vernalized

plant
EFFECT OF VERNALISATION

Translocation of flower
inducing substance

Figure 15.26: Vernalization and Flowering

40



Meiosis reprograms epigenetics regulation

FLC protein repress flowering
FLC gene is silenced after cold exposure

b Vernalization @
—eLe

Adult plant

FLC Seadling

Y

Germination T

Seed

—== £ FLC gene is reprogrammed

Hﬂa:nsu

@MMM during gametogenesis

n Mitosis Microspore
g Fertilization @
Embirye sﬂy

Henderson&Jacobsen 2007 Nature 447




Epialleles are escapees from reprogram and erasure in
meiosis?

Linaria vulgaris

% Sequence of Lcyc gene
is identical in both forms methylated > 250 years
“ DNA methylation of Lcyc
gene induces silencing in
the peloric “mutant”

....or a remethylation process?

Cubas et al. 1999 Nature 401: 157-161



Genomic imprinting in animals

Imprinting occurs when the two alleles of a gene are expressed at
different levels depending on their parent of origin, and is known to be
requlated by epigenetic mechanisms

\ » The zygote receives two copies of
K | each gene, one from the mother’s
genome and one from the father’s.

‘ » At most loci, both copies are active
but some imprinted loci, show a
“parent of origin effect”.

» Expression of these loci is controlled
by epigenetic factors.

L9 o8

The two v v Zygotes that receive only
parental maternal or only paternal
genomes are : o

_ nuclei do not survive.
not equivalent



Imprinting erasure and establishment
during gametogenesis

Genomic imprinting results in the preferential expression of alleles after
fertilization, depending on their parent of origin.

egg sperm
imprint \ \ /'
mﬂﬂl,:‘;'l!rﬂ:l -
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garmete ﬁ
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Ll : r:'m ! | somatic cells I '
: < #subgsﬂmml di .
ifferentiated
cells germ cell
Bh erasure
_ imprint
pmnrdlal 9 H ' 6
aperm cell
Imprinted genes are functionally sperm

haploid — ca 1-2% human genes



Genomic imprinting and erasure in plants

Endosperm imprinting discovery
initiated through the detection of
unmethylated maternal alleles, whereas
identical paternal alleles were
methylated and silent

In maize, the imprinted megl gene, which
directly regulates maternal provisioning of
the embryo, controls ultimate seed
composition and size in a strictly gene
dosage—dependent manner.

~;:_4355:13 LINRIdNt

Terminal differentiation of endosperm

Dickinson H, Scholten S (2013) PLOS Genetics 9(12): €1003981. doi.org/10.1371/journal.pgen.1003981



Cantral call

Spem cell

Cantral call

Spamm call

Maternal DNA demethylation as a primary driver

of imprinted expression

Gonas mxpressad axclsivaly in the andospaerm
Silenced by DMNA methylation in sporophylic lissves

- Matemally activatad

j‘;"ﬁ? :

| e : ? —
D~ °

| ????i 3 "r”i’?'i’i
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Endasparm
+O

Batista and Kdhler (2020) GENES & DEVELOPMENT 34:24-36

Maternally expressed genes (MEG)

MEG that are constitutively marked with DNA

methylation are silenced in sporophytic tissues.

» maternal expression in the endosperm
requires the removal of maternal DNA
methylation, as well as maintenance of
paternal methylation.

MEG that are expressed both in the endosperm

and in sporophytic tissues do not carry any

constitutive marks.

» maternal-specific expression is achieved
through silencing of the paternal allele in
pollen.

46



Paternally expressed genes (PEG) dependent on parental
DNA methylation asymmetries and H3K27me3

- Genes expressed in endosperm and sporophylic tissues
- Mo constitutive epigenetic marks
- Maternally reprassad

PE'E: .@
é ..\ g
UQESSLLLFTENY (FRLELELN

2 ——— 3 ——

PEGs that do not show any constitutive epigenetic marks and are

expressed in the endosperm as well as in sporophytic tissues.

» Paternal-specific expression in the endosperm can be achieved
through silencing of the maternal alleles in the central cell

Batista and Kohler (2020) GENES & DEVELOPMENT 34:24-36
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SOMATIC PROPAGATION SEXUAL LIFE CYCLE

Endoreplication Chimera Sporophyte (2n) Meiosis

Polyploidy by grafting

Tuber

=]

Adventitious
meristem

Endosperm (3n)

1 Mitosis 1 l

®© @

l Mitosis 2 l

-. ,;'"E-“a.
-O*O
Pollen
Mitosis 3 l

._-_a..

Emb sac

Micro- and mega-
gametophytes (1n)

Double
fertilization

Embryo (2n) e

Seed formation

Overall, a comparison of genome organization and
epigenetic regulation in different model systems reveals
that there are more common features between plants
and mammals than there are within the animal kingdom
itself.

Consequently, epigenetic mechanisms discovered in
plants or mammals are generally relevant to both
systems.

Unlike mammals, there is no evidence for a
massive erasure of epigenetic marks during plant
gametogenesis.

Instead, repressive epigenetic marks in plant
sperm and egg cells appear to be reinforced by
specific trans-silencing RNAs produced in
neighboring nuclei.

This might explain how epigenetic changes are
often transmissible through meiosis in plants.

48

Pikaard,C.S. and Scheid,O.M. (2014) Cold Spring Harb Perspect Biol 6:a019315



13 maio 2021
Link zoom
https://videoconf-colibri.zoom.us/j/4088210085




