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Grains in the rain .

* Floodings

* Adaptative responses

* Biodiversity

* Transcription factors in rice
* Model systems

https://new.nsf.gov/news/grains-rain



Genetic strategiesforimproving cropyields
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The current trajectory for cropyieldsisinsufficient to nourish the world's population
by 2050, Greater and more consistent crop production must be achieved againsta
backdrop of climatic stress that limitsyields, owing toshifts in pests and pathogens,
precipitation, heat-waves and other weather extremes. Here we consider the potential
of plantsciences to address post-Green Revolution challengesin agriculture and
exploreemerging strategies for enhancing sustainable crop production and resilience
inachanging climate. Accelerated crop improvement must leverage naturally evolved
traits and transformative engineering driven by mechanistic understanding, to yield
the resilient production systems thatare needed to ensure future harvests.

Published online: 6 November 2019

 Steep increase in the yields of major staple grain crops (wheat, corn and
rice) to address the caloric needs of an increasing global population.

* Elite variety breeding, hybrid crop development, fertilizer application and
advances in management through substantial



* By the 1980s, molecular and transformation
technologies propelled the delivery of the first
bioengineered genes into plant genomes.

* Currently, the most widely adopted genetically
modified traits are resistance to herbicides and
insects in crops with large markets (maize,
soybean, cotton and Brassica napus (canola)).

* Although herbicide and insect-resistance traits
greatly lessened soil tillage and insecticide use,
respectively, they require careful management to
avoid natural selection of resistance in weeds or
pests




* Despite engineered traits with clear benefits to
farmers and end-users (including virus-resistant
papaya, drought-tolerant corn, rice and bananas
fortified with provitamin A, non-browning apples and
low-acrylamide potatoes) -> acceptance issues

* Future food security will require reducing crop losses
due to environmental factors, including climate
change, as well as transformative advances that
provide major gains in yields.

* Genetic diversity is now readily explored at
nucleotide-scale precision, using

paired with advanced phenotyping systems. |
* The targeted editing of Charpentier " Doudna

“for the development of a method




* The increasing frequency of debilitating heat-
waves, droughts, torrential rains and other
weather extremes negatively affects
agricultural productivity.

 Climatic constraints can occur independently
or together (as with heat and aridity)

* It is imperative to breed crops that carry a
diversity of resistance genes and/or to plant a
diversity of varieties, as this approach
minimizes the ability of pathogens to
overcome resistance

* The improvement of crop resilience to

environmental (abiotic) and pathogen (biotic)
stress of paramount importance for feeding a
e growing global population

2009 (c). National data for each crop were previously compiled*, and are here

averaged and re-plotted using the maps package inR'*.d, Number oflarge flood
events from 1985 to 2010"** by country.




a Improved disease tolerance

Pathogen
Receptor

Cell
Outside membrane
inside T Effectors ﬁ} ==
—Q@ <
Nutrients

Intracellular
resistance proteins

Resistance Susceptibility

b Improved flooding survival

Ethylene

SK1/2
GA — SUB1A

o1 l

Catabolism

Growth

Soil A Soil
Shoot

N
H,0 —> H,0 <—+ H,0

Xylg@ Root

Fig.2|Pathstoincreased cropyieldinsuboptimal environments. Overview
oftraits that provide increased resilience and yield in variable environments.
a, Pathogenrecognition by cell-surface and intracellular receptors (resistance
proteins). Manipulation of host cells by pathogen-secreted effectors to
promoteinfection canbe recognized by resistance proteins and converted to
disease resistance. b, Flooding survival viaopposing regulation of gibberellin
(GA). Semidwarf1(SD1), Snorkel 1and Snorkel 2 (SK1/2) confer escape by
accelerated elongation growth. Submergence 1A (SUB1A) confers tolerance by
quiescence ofgrowth. ¢, Root growth towards moisture involves
transcriptional regulators (indol-3-acetic acid inhibitor protein 3 (IAA3) and

e Enhanced seed filling

Immature
ear

Developing
florets
Low TeP

L |

f Optimized photosynthesis

Thylakoid membranes

PSI ATP synthase

Chloroplast
stroma

Rubisco

CO, + ATP CHO

g Desiccation avoidance

Stoma
guard cell

Water shortage

b

ABA

¢

Stomatal
closure

h Enhanced nutrient uptake

'~ Root
| &
——
— = s
N2 y - :
ot AN
o Arbuscular

|

| & mycorrhizal fungi .~ \

: '| -
N \
: B
bgmt _ —Nodule -P;‘J:Qg, Dac
c Phg2s o
;7 PO;

auxinresponse factor (ARF7)), and isregulated by the hormones ABA and
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a, Pathogen recognition by cell-surface and intracellular
receptors (resistance proteins

b, Flooding survival

¢, Root growth towards moisture

d, HKT1 (high-affinity K+ transporter sub-family 1) mediates

sodium (Na+) exclusion from leaves.

e, Threalose 6P aids the movement of photo-assimilate
carbohydrate (CHO) from leaves to sinks in developing
florets.

f, Optimizing photosynthetic light harvesting and CO2

g, Dynamic control of stomatal aperture

h, Symbiotic plant—microorganism interactions facilitate the

uptake of essential nutrients.



WHAT IS THE LINK WITH CLIMATE CHANGE

Climate changes will lead to extremes in water availability that will
cause severe drought in some areas, while flooding due to extreme
rainfall events will affect other geographical areas

!

Unless new crop varieties able to withstand abiotic stresses are
developed, productivity will be gravely affected. Until a decade ago
little was known about the genes that confer tolerance to
submergence, and it is only during recent years that light has been
shed on the molecular mechanisms behind oxygen sensing and
signalling in plant



Flooding is a natural occurrence in many ecosystems and therefore
many wild species are superbly adapted to watery conditions.

An extensive aerenchyma system is extremely effective under
waterlogged conditions where the shoot remains in aerial contact
(snorkeling leaves) and can thus funnel air down to the root.



https://www.youtube.com/watch?v=EWXCeb
URIEM

* Daniela Piovan




RESEARCH ARTICLE SUMMARY

SUSTAINABILITY

Planetary boundaries: Guiding
human development on a
changing planet

Will Steffen,” Katherine Richardson, Johan Rockstrom, Sarah E. Cornell, Ingo Fetzer,
Elena M. Bennett, Reinette Biggs, Stephen R. Carpenter, Wim de Vries,

Cynthia A. de Wit, Carl Folke, Dieter Gerten, Jens Heinke, Georgina M. Mace,

Linn M. Persson, Veerabhadran Ramanathan, Belinda Reyers, Sverker Sorlin

The planetary boundary (PB) framework
contributes to such a paradigm by
providing a science-based analysis of
the risk that human perturbations will
destabilize the ES at the planetary scale.

Climate change
Genetic
diversity . —

Biosphere integrity
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Land-system | Stratospheric ozone depletion
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\ ' p ; Atmospheric aerosol loading
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Freshwateruse .

Phosphorus ™ ' oo
Nitrogen Ocean acidification
Biochemical flows
[l Beyond zone of uncertainty (high risk) B Below boundary (safe)
In zone of uncertainty (increasing risk) Boundary not yet quantified

Current status of the control variables for seven of the planetary boundaries. The green zone
is the safe operating space, the yellow represents the zone of uncertainty (increasing risk), and the
red is a high-risk zone. The planetary boundary itself lies at the intersection of the green and yellow
zones. The control variables have been normalized for the zone of uncertainty; the center of the
figure therefore does not represent values of O for the control variables. The control variable shown
for climate change is atmospheric CO, concentration. Processes for which global-level boundaries
cannot yet be quantified are represented by gray wedges; these are atmospheric aerosol loading,
novel entities, and the functional role of biosphere integrity.

The list of author affiliations is available in the full article online.
*Corresponding author. E-mail: will.steffen@anu.edu.au

Cite this article as W. Steffen et al., Science 347, 1259855
(2015). DOI: 10.1126/science. 1259855
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Fig. 2. The subglobal distributions and current status of the control variables for (A) biogeochemical flows of P; (B) biogeochemical flows of N; (C) land-
system change; and (D) freshwater use. In each panel, green areas are within the boundary (safe), yellow areas are within the zone of uncertainty (increasing
risk), and red areas are beyond the zone of uncertainty (high risk). Gray areas in (A) and (B) are areas where P and N fertilizers are not applied; in (C), they are
areas not covered by major forest biomes; and in (D), they are areas where river flow is very low so that environmental flows are not allocated. See Table 1 for
values of the boundaries and their zones of uncertainty and (33) for more details on methods and results.




Plants and flooding stress

media because they affected a land area the size of Germany and France combined.
However, on a world scale this is not exceptional as in some years the land area
exposed to flooding is > 17 million km2, equal to twice the size of the USA. These
dramatic floods occur in all continents of our planet and result in annual damage
costs of > $80 billion (http://floodobservatory.colorado.edu/).

Many wild plant species and nearly all crops are intolerant to these floods

14




FAO report: Heatwaves and floods affect rural women and men differently, widen income gap

https://www.fao.org/newsroom/detail/fao-report--heatwaves-
and-floods-affect-rural-women-and-men-differently--widen-
income-gap/en



Strategies

excessive water

7\

affects the natural patterns of has a devastating impact on crop
plant distribution and biodiversity growth and survival and thus on
(Silvertown et al., 1999) food production (Normile, 2008).

Upon flooding there are changes

[O,] Hormones They can occur in various combinations,

[CO,] ROS as determined by the flooding regime.

16



Oxygen and photosynthesis

1) When oxygen becomes limiting for respiration plants experience hypoxia, whilst
the complete absence of oxygen (anoxia) is even more detrimental to plant survival.

2) Both hypoxia and anoxia trigger extensive reprogramming of gene expression,
with induction of the fermentative metabolism, allowing the plant to use glycolysis
for ATP production.

3) Although plants produce oxygen through photosynthesis, the lack of an efficient
system to transport oxygen to non photosynthetic organs implies that these organs
can be deprived of oxygen if their anatomy limits oxygen diffusion from outside.

4) Additionally, complete submergence of the plant by flooding events may also lead
to low oxygen availability in the aboveground organs, especially when water
turbidity limits photosynthesis.

17



understand the patterns of plant
distribution and abundance in
natural flood-prone communities
to improve flood tolerance in
economically important crops.
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ANATOMICAL ADAPTATIONS TO SUBMERGENCE

Flooding reduces gas exchange between plant cells and the atmosphere

In roots, CO, must diffuse away (toxic)

O, is required for respiration (ATP generation)

Plants require a free exchange O, and increased CO, like animals they
can be suffocated if gas exchange is impaired

19



AERENCHYMA

Aerenchyma are internal gas-filled air spaces in root cortical region that facilitate O, diffusion

These spaces are longitudinally interconnected. Aerenchyma not only improve gas diffusion

between and inside plant organs, they also conserve oxygen by reducing respiratory
demand per unit volume.

Aerenchyma may occur innately (rice) or be induced (maize).
(B)

Lacuna Endodermis Hypodermis

Endodermis Hypodermis

Buchanan et al. (2000) (Biochemistry & Molecular Biology of Plants
20



FLOODING IN THE WILD

Lysigenous aerenchyma formation o‘ rice root Lysigenous aerenchyma formation uf[maize root
Drained soil conditions Waterlogged soil conditions Drained soil conditions Waterlogged soil conditions

Stele Gnrlex' 02

ocL OCL o,

Aerenchyma
OCL 02
Cortex
Stele

Fig. 1. Lysigenous aerenchyma formation in cereal crop species. Lysigenous aerenchyma forms in roots as a result of the death and subsequent lysis of cortical cells, thereby
creating gas spaces. In rice roots, lysigenous aerenchyma is constitutively formed under drained soil conditions, and its formation is enhanced under flooded soil conditions.
Longitudinal diffusion of O; toward the root apex can be further enhanced by the induction of a barrier to radial 03 loss (ROL) in the outer cell layers (OCL) of the roots. In
maize and other dryland cereal crops. lysigenous aerenchyma does not form under drained soil conditions, but is induced by soil waterlogging. Scale bars: 100 pm.
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ANATOMICAL ADAPTATIONS TO SUBMERGENCE

: (2) Maize
&% 5 Drained Waterlogged

Plant Cell and Environment (2012) 35, 1618-1630 doi: 10.1111/].1365-3040.2012.02513.x

Z. nicaraguensis
Drained Waterlogged

Enhanced formation of aerenchyma and induction of a
barrier to radial oxygen loss in adventitious roots of Zea
nicaraguensis contribute to its waterlogging tolerance as
compared with maize (Zea mays ssp. mays)

TOMOMI ABIKO', LUKASZ KOTULA?, KATSUHIRO SHIONO’, AL IMRAN MALIK**, TIMOTHY DAVID COLMER* &
MIKIO NAKAZONO?

— Drained Waterlogged — Drained Waterlogged

Figure 1. Maize and Z. nicaraguensis grown in drained or
waterlogged soil for 21 d. (a) Aerial part (b) roots. Bar =50 mm.
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ANATOMICAL ADAPTATIONS TO SUBMERGENCE
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Formation of aerenchyma along 110-120 mm
adventitious roots of maize and Z. nicaraguensis
grown in aerated or stagnant deoxygenated
nutrient solution for 14 d. (a) Unstained cross-
sections photographed using bright light. Distances
from the root tip (mm) are displayed on the left
side of figures. Examples of aerenchyma are
indicated by black arrows. Bar = 100 mm. (b, c) The
percentage of aerenchyma of root-cross-sectional
area along adventitious roots of maize (b) and Z.
nicaraguensis (c) grown in aerated (closed bars) or
stagnant deoxygenated nutrient solution (open
bars). At all distances, the amount of aerenchyma
was significantly higher in roots from stagnant
solution (significance levels of P 0.05, P 0.01 or P
0.001 are denoted by *, ** or *** respectively;
two sample t-test).

Different letters indicate significant difference
between distances within one growth condition
(paired t-test).Values are means

(n=3) SD.
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What is the key hormone in response
to flooding and aerenchyma
formation?
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Low O2 induces ethylene production that leads to aerenchyma formation

S-adenosylmethionine (SAM)
1-aminocyclopropane-1-carboxylic acid (ACC)

O,
z Root
* » ACC —-L-—> C,H, — aerenchyma

ACC ACC formation
synthase oxidase

}

Buchanan et al. (2000) (Biochemistry & Molecular Biology of Plants
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Concerning plant physiology, what does
ethylene do in your daily life?

No Ethylene Ethylene

Ctrl 7.5 | Eth2

. .
L

Not Induced Induced

Green Ethylene
Bananas Source




1-methylcyclopropene (1-MCP) and climacteric fruits

H:C

1-methylcyclopropene (1-MCP)

The climacteric is a stage of fruit ripening
associated with increased ethylene
production and a rise in cellular respiration.
Apples, bananas, melons, apricots, tomatoes
(among others) are climacteric fruit. Citrus,
grapes, strawberries are non-climacteric

(they ripen without ethylene and respiration
bursts).

Control

28



1-methylcyclopropene (1-MCP)
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EI'MCP gradually released Ei 1-MCP, instead of ethylene, occupies the receptor site @‘ E
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laser microdissection (LM) and transcriptomic analysis

Isolation of cortical cells from paraffin-embedded sections of a maize (Zea mays)
primary root using laser microdissection (LM). (a) A root tissue section before LM.
(b) A root tissue section after LM. (c) LM-isolated cortical cells. Bars, 100 um.

Up-regulated genes inWL or - MCP  Number of genes up-regulated or down-

regulated under waterlogged conditions
[without 1-methylcyclopropene (1-MCP)
pretreatment]. Genes whose signal intensities
' : were > 2.0-fold higher or lower under one

| — condition than under another condition (FDR
P value < 0.05) were considered to be up-
regulated or down-regulated, and the genes
commonly up-regulated or down-regulated in
both experiments were collected. Experiment
1: 12 h waterlogged conditions (WL) /12 h
aerobic conditions (Aer). Experiment 2: 12 h
waterlogged conditions without 1-MCP
pretreatment ()MCP) /12 h waterlogged
conditions with 1-MCP pretreatment (+MCP).
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GENE ONTOLOGY ANALYSIS

regulated (closed bars) in Zea mays in
Expts 1 and 2.

analyzed using GO Slim Assignment.
The x-axis and y-axis indicate the
names of clusters and the ratio of

Gene classification based on gene
ontology (GO) for genes commonly
upregulated (open bars) or down-
The frequency of GO terms was
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ROS
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GENE ONTOLOGY ANALYSIS

RT-PCR
Respiratory burst oxidase homolog (RBOH)
Manganese superoxide dismutase (MnSOD)

The genes identified as differentially expressed
during aerenchyma formation included genes
related to calcium signalling, cell wall loosening
and degradation, and for generating or scavenging
ROS. Reactive oxygen species may actually be
important players in aerenchyma formation.
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At the molecular level At the organism level
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Aerenchyma formation interacts with stem elongation especially in fully submerged plants

Low O, escape syndrome that mitigates hypoxia
Increased elongation of stems, petioles and leaves facilitates contact with air

Aerenchyma and thinner leaf blades (cell wall and cuticle thickness) and orientation
of chloroplasts to leaf surface facilitate O, diffusion into the leaf
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Bailey-Serres & Voesenek (2008) Annu Rev Plant Biol
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TOLERANCE AND STRATEGIES

r Plant under flooding j
Intolerant to flooding and tolerant
therefore are excluded from ‘ .
flood-prone habitats

escape strategy based on a suite quiescence strategy composed
of (inducible) morphological of traits that conserve the use

and anatomical traits allowing  of energy and carbohydrates to
re-aeration of flooded tissues.  prolong underwater survival.

(Bailey-Serres & Voesenek, 2008; Colmer & Voesenek, 2009)
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Aerenchyma formation interacts with stem elongation especially in fully submerged plants

Rice responses to low O,

Rice is remarkably well adapted to submergence and can even germinate in the complete
absence of oxygen

Quiescence (lowland) Intolerant Escape (deep water)

e bl jﬁ
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Aerenchyma is one possible strategy

During complete submergence, however, the
shoot does not make aerial contact with
oxygen. Plant effectiveness in funneling air
towards the roots is greatly compromised.



What strategy to study natural variation
from a genetic point of view?

What experiments and technics could
be adopted to study natural variation of
resistance to flooding?



Arabidopsis
genetic
variation is a
powerful tool
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1001 Genomes News Data Providers Accessions Tools Software Data Center About Help desk
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Tools Download Get Seeds

Explore the variants. We maintain several Visit the Data Center and download whole Seed sets of natural accessions are available
tools for data download, visualization, and sets of SNPs, indels, SVs, and genome for

analysis. sequences.

* Program launched in 2008
* First data released in 2016
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1001 Genomes News Data Providers Accessions Tools Software Data Center About Help desk

1135 Accessions Final Set 180 GMI Accessions 80 MPI Accessions 195 Salk Accessions Legacy Projects
(GMINordborg2010) (MPICa02010)



About the 1001 Genomes Project

* The first genome sequence of any plant was from a single inbred strain
(accession) of A. thaliana. Its complete release in 2000 was a major
milestone for biology

e 20 diverse accessions were selected for much deeper polymorphism
discovery using an array-based resequencing approach

* Understanding how genetic variation translates into phenotypic variation,
and how this translation depends on the environment, is a major challenge
for modern biology.

* Large or complex structural variants, as well as simple variants inside
complex variants have generally been identified by assembling large number
of genomes
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UNDERSTAND AND EXPLOIT NATURAL VARIATION

= New
ra

Understand the patterns of plant .= Phyeleis

distribution and abundance I_n_ Natural variation of submergence tolerance among

natural flood-prone communities  Arabidopsis thaliana accessions

to improve flood tolerance in — T T — :
D. Vashisht 7, A. Hesselink', R. Pierik’, J. M. H. Ammerlaan’, ]. Bailey-Serres”, E. J. W. Visser”, O. Pedersen”,

M. van sztc—:nl’ﬁ, D. Vrr:ugdc—:nhilz’?, D.C. L ]amarz’?, L.A.C.]. Voesenck'? and R. Sasidharan'?

economically important crops.

Day 12

Col-0 I

tolerant (Col-0) and intolerant (Cvi-0) accession after being submerged in the dark for the time period indicated. Photographs were taken
immediately after de-submergence.
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Arabidopsis accessions

86 ACCESSIONS

ch.‘é — C24 . .
ke 86 accessions were submerged in
RMAAO2
X complete darkness and the results

demonstrated considerable genetic
T variation in flooding tolerance.
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Pt s s s s Sl

7
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#R53

f’? Col Tolerance to complete

5 G L0 submergence in the dark was

e measured by the statistical

.;Fj parameter LT50 (median lethal
s time + SE). LT50 is defined as the
I number of days after which 50%
% | of the plant population (for a

Mﬁ particular accession) dies, and was

S
g5

m
=

calculated from survival curves for
each accession.
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UNDERSTAND AND EXPLOIT NATURAL VARIATION

Flooding tolerance in Arabidopsis was negatively correlated to petiole
growth under water, but was not related to the initial amounts of starch
and soluble sugars.

NEGATIVE CORRELATION: fast growth under water without emergence
occurs at the expense of survival.

some tolerant Arabidopsis accessions have the capacity to dampen
dark-induced elongation on submergence. In this way, they conserve
carbohydrates and survive longer than fast-growing plants in Dark
conditions.
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UNDERSTAND AND EXPLOIT NATURAL VARIATION
This could not be explained by variation in initial concentrations
of carbohydrates, plant morphology and anatomy,
or physiological processes, such as the rate of respiration.
Submergence-tolerant accessions of Arabidopsis are characterized
by high LT50 values during submergence in the dark
compared with these values during the dark only. This
might be related to dampening of underwater growth,
consistent with a quiescence strategy as described for other
species (Bailey-Serres & Voesenek, 2008).

WHAT CAN WE DO WITH NATURAL VARIATION?

HOW CAN WE FIND THE TRAITS AT THE BASE OF TOLERANCE?
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* Arabidopsis -> quiescent strategy

WHAT CAN WE DO WITH NATURAL VARIATION?

HOW CAN WE FIND THE TRAITS AT THE BASE OF TOLERANCE?




TOLERANCE AND STRATEGIES

r Plant under flooding j
Intolerant to flooding and tolerant
therefore are excluded from ‘ .
flood-prone habitats

escape strategy based on a suite quiescence strategy composed
of (inducible) morphological of traits that conserve the use

and anatomical traits allowing  of energy and carbohydrates to
re-aeration of flooded tissues.  prolong underwater survival.

(Bailey-Serres & Voesenek, 2008; Colmer & Voesenek, 2009)
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Aerenchyma formation interacts with stem elongation especially in fully submerged plants

Rice responses to low O,

Rice is remarkably well adapted to submergence and can even germinate in the complete
absence of oxygen

Quiescence (lowland) Intolerant Escape (deep water)

e bl jﬁ
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Escape and quiescence strategies for flooding tolerance
4 Ecaestateny In some areas of Asia submergence occurs
e very rapidly and lasts for months, here rice
| varieties named ‘deepwater rice’ are grown.
The adult plant continues to snorkel for air and
keeps up with the increasing water level. This
Ethylene trait relies on two group VIl ERF genes:

SNORKEL1 and SNORKEL2 (SK1, SK2). Only
- present in deep water rice varieties, they
SKT, 552\ ABA activate a gibberellin-dependent internode
‘\,\ | elongation, up to 25 cm per day, sufficient to
- RGa maintain an aerial contact with some of the
I leaves which allow air transfer to the
Elongation growth submerged parts of the plant via aerenchyma

Voesenek and Bailey-Serres (2009) Nature 460:959-960
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SNORKEL1 AND SNORKEL?2

Cc Ethylene GA B8R LA
013 013 013 13

RER’

DAPI  pAct:SKI-GFP  Merg

HEE

DAPI  pAct:SK2-GFP  Merge DIC

SNORKEL1 AND SNORKEL?2 are transcription factors as
testified by their nuclear localization.

They are also regulated by GA (Gibberellins) and CK
(cytokinines)
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Submergence escape — SNORKEL1 (SK1) and SNORKELZ2 (SK2)
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P Cross to generate F1

F 1 Cross to generate F2

F 2 Initiate Advanced Intercross
by crossing random pairs of F2

f<f e

[ -
o =

Continue Advanced Intercross with random pair matings

F 3 tO F 1 2 derived from the population of two offspring per cross

F] 2 Initiate Inbreeding
by crossing full siblings

I i o -

F] 3 tO F32 Continue Inbreeding with full sibling crosses

F32 Recombinant Inbred Lines M “ “ M “ ﬂﬂ " M - 20C

Recombinant Imbred Lines
RILS

RIL, an organism with
chromosomes that incorporate
an essentially permanent set of
recombination events between
chromosomes inherited from
two or more inbred strains. F1
and F2 generations are produced
by intercrossing the inbred
strains; pairs of the F2 progeny
are then mated to establish
Inbred strains through long-term
Inbreeding.
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life cycle by planting >180,000 seeds representing >200 RILs at
the native field sites of the parental genotypes in the period
when seed dispersal occurred in the natural populations

F32 Recombinant Inbred Lines M HH “ H ii ﬂﬂ I M - 200
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* QTL

— Quantitative Trait Locus

What is a QTL?

— A genetic locus that contributes to quantitative
variation in a trait

Parent 1

Parent 2

salue

Significant Level

Sugaestve Level

LOD score [/ F-1

A2 A1 Peak B1 B2
Flanking Markers
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a WC linkage map - Single Marker analysis (P < 0.01)
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Genome-wide association study for rice germination rate.
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a Genotype x environment (G x E) genome-wide association study (GWAS) for germination rate at 30 °C for 24 h
vs 15 °C for 96 h. GWAS for germination rate at 30 °C for 24 h (b) and 15 °C for 96 h (c). d G x E GWAS with the
modified variant list. GWAS at 30 °C for 24 h (e) and 15 °C for 96 h (f) with the modified list. Horizontal red lines
indicate 5% genome-wide significance threshold after Bonferroni-correction. Blue lines indicate -

log,, P values = 5. Peak 1 and Peak 2 are shown by red and green arrows, respectively.



HOW TO DO?

(STEPS INVOLVED)

QTL MAPPING
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Escape and quiescence strategies for flooding tolerance
4 Ecaestateny In some areas of Asia submergence occurs
e very rapidly and lasts for months, here rice
varieties named ‘deepwater rice’ are grown.
The adult plant continues to snorkel for air and
keeps up with the increasing water level. This
Ethylene trait relies on two group VIl ERF genes:

SNORKEL1 and SNORKEL2 (SK1, SK2). Only
- present in deep water rice varieties, they
SKI, {Q\ ABA activate a gibberellin-dependent internode
‘\,\ | elongation, up to 25 cm per day, sufficient to
- RGa maintain an aerial contact with some of the
I leaves which allow air transfer to the
Elongation growth submerged parts of the plant via aerenchyma

394488 Voesenek and Bailey-Serres (2009) Nature 460:959-960
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Submergence escape — SNORKEL1 (SK1) and SNORKELZ2 (SK2)
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Submergence escape — SNORKEL1 (SK1) and SNORKELZ2 (SK2)
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Submergence escape — SNORKEL1 (SK1) and SNORKELZ2 (SK2)
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Breeding Science 57 : 305-314 (2007)

H OW We re t h e QT LS i d e n t i fi e d ? A Major QTL Confers Rapid Internode Elongation in Response to Water Rise in

Deepwater Rice

Makoto Matsuoka' and Motoyuki Ashikari*"

) Bioscience and Biotechnology Center, Nagoya University, Furo, Chikusa, Nagoya, Aichi 464-8601, Japan
2 Japan Society for the Promotion of Science, 8 Ichibancho, Chiyoda, Tokyo 102-8472, Japan
Y Graduate School of Bioagricultural Sciences, Nagoya University, Furo, Chikusa, Nagoya, Aichi 464-8601, Japan

Phenotypic evaluation of deepwater rice

Two types of rice plants were used in the present study:
the deepwater rice cultivar C9285 (0. sativa, ssp. indica)
and the wild rice species W0120 (O. rufipogon), which ex-
hibit deepwater characteristics. As controls, we used a non-
deepwater rice cultivar, T65 (O. sativa, ssp. japonica), and a
wild rice species, W0106 (O. rufipogon). When grown in
air, none of the lines showed significant internode elonga-
tion (Fig. 1). In contrast, growth under deepwater conditions
for 2 weeks induced significant internode elongation in the
(C9285 and WO0120 plants, while a slight internode elonga-
tion was observed in the T65 or W0106 plants.

air DW air DW
T65 C9285 WO0106 W0120

Fig.1. Response of deepwater rice to deepwater conditions. Two deepwater strains, C9285 (O. sativa, ssp.
indica) and WO0120 (O. rufipogon), and two non-deepwater strains, T65 (O. sativa, ssp. japonica) . .
. - e « = W = wild species
and WO106 (O. rufipogon), were grown in air (air) until the ten-leaf stage and then transferred to
deepwater conditions (DW) for 2 weeks. Bar, I m. T65 and C9285 = cultivar
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Fig.2. Quantitative evaluation of internode elongation in deepwater rice. A, Illustration of deepwater rice behavior in air or in

deepwater. Total intermode elongation length (TIL) corresponds to the length from the base to the highest node. Number of

elongated intemodes (NEI) corresponds to the total number of elongated internodes. Lowest elongated internode (LET) po-

sition corresponds to the internode position at which internode elongation is initiated. B, Comparison of TILs. C, Compar-
ison of NEIs. D, Comparison of LEIs. Values in B, C and D are means with 5.D. (n=35).

Preliminary characterisation

Lines

T65: non-deepwater rice cultivar
C9285: deepwater rice cultivar
W0106: wild non-deepwater rice
W0120: wild deepwater rice

Parameters

TIL: Total Internode Elongation Length
LEI: Lowest Elongated Internode

NEI: Number Elongated Internodes
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Fig.3. Distribution frequencies of TIL, NEI and LEI for 94 F; individuals. A, Distribution of TIL among F; plants
from T65/C9285 (1) and T65/W0120 (2). B, Distribution of NEI among F; plants from T65/C9285 (1) and
T65/W0120 (2). C, Distribution of LEI among F; plants from T65/C9285 (1) and T65/W0120 (2). O, Te5; @,
Deepwater rice.

Two F2 populations (180
individuals) obtained after
crossing T65 with a deepwater
rice cultivar(C9285) and a
deepwater wild rice (W0120)

The lack of 3:1 and 1:2:1
distribution means that this traits
are controlled by QTLs and not
by a single locus

?




Linkage maps as a tool to localize QTLs
T65/C9285: 92 molecular markers at a distance of about 19 cM
T65/W0120: 106 molecular markers at a distance of about 17 cM
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Fig.4. QTLs for TIL, NEI and LEI. A, Location of QTLs for TIL, NET and LEI on the linkage map from T65/C9285. B, Location of QTLs for
TIL, NEI and LEI on the linkage map from T65/W0120. The region of the QTL for TIL enhanced by the deepwater allele is illustrated by
a black box. The region of the QTL for TIL enhanced by the T63 allele is illustrated by a dotted box. The region of the QTL for NET en-
hanced by the deepwater allele is illustrated by a hatched box. The region of the QTL for LEI enhanced by the deepwater allele is illustrat-
ed by a white box. Arrowheads indicate the QTL peaks with the LOD scores.

Major QTL, how is it confirmed?

Via Near Isogenic Lines = NIL
that in this case are lines that
carry this QTL in the other
parent genetic background
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Fig.5. Response of the NIL-12W0120 plants to water rise. A, Graphical genotype. From left to right: T65, W0120, NIL and F,
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and B are means with S.D. (n=35). air, air condition; DW, deep-
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Breeding Science 58 : 3946 (2008)

Mapping of three QTLs that regulate internode elongation in deepwater rice

Yoko Hattorit1?, Keisuke Nagai), Hitoshi Mori®), Hidemi Kitano?, Makoto Matsuoka®

and Motoyuki Ashikari*?
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Location of QTLs and graphical genotypes of nearly isogenic lines (NILs). (A) Position of the QTL for deepwater characteristics on the rice

chromosome. QTL positions are illustrated based on results of QTL analysis using the deepwater rice cultivar C9285 (Hattori et al. 2007).
The five detected QTL positions are indicated as 1-5. Arrowheads indicate QTL peaks. QTL names and LOD scores are indicated under the
map. (B) i) Graphical genotypes of NIL-172#; ii) Magnification of graphical genotype of the region for g7TLI ©***3; iii) Genotypes of mark-

ers around gTIL71“** in T6S, C9285 and NIL-1¢"2% (abbreviated as NIL1). (C) i) Graphical genotypes of NIL-3%#%; ii) Magnification of
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NIL12). (B-D) T65 chromosome region is illustrated by a white box. C9285 chromosome region is illustrated by a black box.
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AP2 superfamily
LIt T

APETALA2/Ethylene Responsive

Factor (AP2/ERF) superfamily I I e R S e SR S N | O i B
ERF family AP2 family RAV family Soloist
Group Subfamily Group
I AB |. Double AP2 domain
: HIPR- 1 AS AP2
AP2/ERF proteins containingat |, e
least one DNA binding domain V' A2A3 . Single AP2 domain
—named the AP2 domain — v BS
° ° ° Bz
have been divided into three Vil 31
ope IX B3
separate families, namely the X B384
o VI-L B6
ERF, AP2 and RAV families XbL  B6

Fig. 1 Structure of the APETALA2/Ethylene Responsive Factor (AP2/ERF)
superfamily. The AP2 superfamily is composed of single-AP2 domain
proteins (ERF family), single or double ERF domain proteins (AP2 family),
proteins containing one AP2 domain plus a B3 DNA binding domain (RAV
family). Soloist, an ERF-related protein that appears in single copy in most
of the plant genomes studied so far. ERF members have been subdivided
into groups (Nakano et al., 2006) or subfamilies (Sakuma et al., 2002).
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SNORKEL1 AND SNORKEL?2

SNORKEL1 AND SNORKEL?2 are transcription factors as
testified by their nuclear localization.

They are also regulated by GA (Gibberellins) and CK
(cytokinines)

 Ethylene boost TIL
e 1-MCP reduces TIL

* No difference in Ethylene production between DW
and non-DW
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U n I conzo | e I S dn Figure 3: GA response and molecular mechanism of deepwater response.
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a, GA; content in C9285 under deepwater conditions. Mean +s.d., n = 4. b, GA responsiveness in

C9285. Ten-leaf-stage plants were treated with 100 uM GA5; with or without 1 pM uniconazole (uni)

for one week. Mean +s.d., n=8.



Escape and quiescence strategies for flooding tolerance

Clearly the success of rice in flooded habitats

Escape strategy b Quiescence strategy ] ) . . . ]
e Partially Sibmoraad] AT is due to its ability to rapidly regain aerial
submerged contact.

|

Interestingly, only a few rice varieties can
survive complete submergence for an
extended period of time, a phenomena that

Ethylene

regularly occurs in so-called flash-floods.

These varieties survive thanks to the group VI
B T ERF gene SUB1A, whose product positively
SK1, SK2 ABA SUBTA-T . .
o 1 regulates the fermentation capacity, but
~ represses plant growth by restricting

"
gibberellin-signalling

A ——— S(R1, SLRL]

v

Elongation growth

SLR1, a negative regulator of GA signaling

Voesenek and Bailey-Serres (2009) Nature 460:959-960
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Subl region

Sub1A is an ethylene-response-factor-like gene that
confers submergence tolerance to rice

Kenong Xu', Xia Xu', Takeshi Fukao®, Patrick Canlas', Reycel Maghirang-Rodriguez’, Sigrid Heuer,
Abdelbagi M. Ismail®, Julia Bailey-Serres”, Pamela C. Ronald' & David J. Mackill®

a  SubT region

15 kb
Subla-1 K guniag Sub1C-1
FR13A — [ — I =T 1
|EJ1E931-2|E BV bp 451 bp 474 bp
[inclica) 15 kb
SubiB-2 Sub1C-2
Mipponbars T——1 iy, T —— 11 L ]
Lla'ﬂ}ﬂl' |:-'3-.| 451 I:ll:l al L'IFJ
b
MNipponbare

a0 1 3 7 101R3IR 0 1 3 T 10 1R 3R
Duration of submergancea and recovary (days)
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DIFFERENT ALLELES

Table 1| Haplotypes of the Subl locus based on alleles of the ERF-like genes in rice varieties

Line or cultivar Submergence phenotype Subspecies SublA allele SublE allele SublC allele
FR13A, IR40931-26, DX18-121, IR48930 Tolerant indica A-1 B-1 C-1
Goda Heenati Tolerant indica A-1 B-6 C-1
Kurkaruppan Tolerant indica A-1 B-3 C-1
LAAMIIE MND indica A-2 B-1 C-4
ing. CO39 IR64. IR64-MED6-933-1-2. 93-11 Intolerant indica A- B-1. B-7 C-3.C-5
IR24, IRBB21, Swarna* Intolerant indica Absent B-8, B-5 C-6 ]
=T Imtolerant Iraica Absent b-4 _-7
Habiganj aman Intolerant indica Absent B-4 C-6
[ Mipponbare, Liaogeng, M-202, Taipei309 Intolerant japonica Absent B-2 C-2 ]

Allele designations were based on the amino-acid sequence of the putative proteins (Supplementary Figs 3, 5 and 6). The submergence-tolerant indico-like variety FR134 is from Crissa, in
eastern India. DX18-121is an indicoJoponica hybrid derivative. The submergence-tolerant varieties Kurkaruppan and Goda Heenati are from 5o Lanka. IR48530, IR40931-26 and DX18-121 are
dervatives of FR13A. The paimary locus conferring tolerance in FR13A and Kurkaruppan was reported to be similar but different from Goda Heenati™. However, submergence tolerance in
(zoda Heenati is also largely controlled by the 5ubTlocus (KX and DJ.M. unpublished data). Molecular marker studies indicate considerable divergence between Goda Heenati and FR13A

(D.JM. unpublished data). GenBank accessions of 93-11 containing SublA, SublB and SublC are AAAADIDOSST, AAAAMO20021 and AAAAMOOST44, respectively. ND, nat determined.
The varieties are grouped based panmarily on commaon alleles of SublA and Sub1C.
*Swarna lacks SublA and its alleles of 5Sub1B and SublC were not determined.
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Low oxygen quiescence — SUBMERGENCE1A-1 (SUB1A-1)

Subt locus
]
Chromosome 9 ] )
Submergence toler_
(indica) = B )
Sub1C-1 SubiB Sub1 A-1
Submergence intolerant:
(nidics) == I )
SubiC SublB Sub1 A-2
Submergence intolerant:
(indica and japonica) [ - ]

Sub1C SubiB

Fukao et al (2008) Annals of Botany 103:143

82



Plant height (cm)
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SUB1 introgression by maker assisted selection

Swama-Subf Sub1 donor
BG,F, BC,F, IR4%830
7 1 \ ' ¥ 1 ‘7’ T | Introgression of the FR13A Sub1 haplotype into an
R W: \m‘ »‘;’ \W M“ / y! intolerant variety by MAS confers submergence

W AE
\J .‘.,i,. ; 

" ”)j \' | ‘\\‘ P _; ~ tolerance. The Sub1 region donor line IR49830 (an

' ' | | FR13A derivative) was introduced into the submergence
intolerant indica variety Swarna by backcrossing (BC)
with MAS using markers for the Sub1 region (SSR1,
RM316, RM464, RM464A, RM219 and RM524) and the
12 chromosomes25-27. Individual F1 plants were
selected from BC1, BC2 and BC3 that carried the FR13A
Sub1 haplotype with the least IR49830 background.
Fourteen-day-old seedlings were submerged for 14 days
and photographed 14 d after de-submergence.

Xu et al (2006) Nature 442:705
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https://www.youtube.com/watch?v=VUQwroMcoXc



https://www.youtube.com/watch?v=VUQwroMcoXc

e Norgoxia In Arabidopsis

ED - S

DIESGEIETIGI‘I Eys oXidation s
Protection Arginylation Degradatir:m
& | Ubiquitinatio
localization Translocation

to nucleus
He-oxygenation

I Hypoxia-response genes

Reqgulation of transcription

Model describing the oxygen sensor mechanism in plants. The transcription factor RAP2.12 is constitutively expressed
under aerobic conditions. RAP2.12 protein is always present, bound to ACBP to prevent RAP2.12 frommoving into the
nucleus under aerobic conditions and to protect it against proteasomal degradation in air. Upon hypoxia, RAP2.12 moves
into the nucleus, where it activates anaerobic-gene expression. Upon reoxygenation, RAP2.12 is rapidly degraded via the
N-end rule pathway and proteasome-mediated proteolysis to downregulate the hypoxic response.



In plants the “equivalent” transcription factors to HIF1a are the ERFVIIs.

LETTER

Oxygen sensing in plants is mediated by an N-end
rule pathway for protein destabilization

Francesco Licausi?, Monika Kosmacz', Daan A. Weits', Beatrice Giuntoli?, Federico M. Giorgi', Laurentius A. C. J. Voesenek>*,
Pierdomenico Perata® & Joost T. van Dongen'

LETTER

Homeostatic response to hypoxia is regulated by the
N-end rule pathway in plants

Daniel J. Gibbs'*, Seung Cho Lee®*, Nurulhikma Md Isa', Silvia Gramuglia', Takeshi Fukao?, George W. Bassel',
Cristina Sousa Correia', Francoise Corbineau®, Frederica L. Theodoulou®, Julia Bailey-Serres? & Michael J. Holdsworth'

doi:10.1038/naturel0536

doi:10.1038/naturel0534
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Recovery after submergence Aerobic growth

e
Gene Gene
/code /name

At5g10040  HUPO9
At4g33070  PDC1
At2g16060 HB1
At1g77120 ADH
At3g02550  LBD41
At5g39890  HUP43
At3g10040 At3g10040
At4g43190  SUS4
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In Arabidopsis, a conserved amino-terminal amino acid
sequence of the ethylene response factor (ERF)-
transcription factor RAP2.12

e 35S::RAP2.12 = constitutive overexpression ofRAP2.12

e 35S::HA::RAP2.12 = haemagglutinin (HA)-peptide tag at
its N terminus

 RAP2.12 was expressed from which the first 13 amino
acid residues were deleted (35S::A13RAP2.12).

hypoxia marker genes



a 35S::RAP2.12::GFP 35S::A13RAP2.12::GFP
Bright field Bright field GFP

Hypoxia

Re-oxygenation

RAP2.12:nYFP
+ : - V
ACBP2::cYFP [g

CYFP

b GAL4 AD
o o o
hy é 5 & =
ACBP1
§ ACBP2
< | A30DACBP1
<
G | A31ACBP2
Empty
SC-LW SC- LWH LacZ
+ 3AT
GAL4 AD I RAPZ12
GAL4 DBD [GAL4 DBD | ACBP1/2 ]
é‘u GAL1UAS I
L. axcAliuas PS>
d GAL4 DBD
a a o
o o o
> &) > o 0O
3 B g &
E ™ E o &
w < (§N) <] <]
RAP2.12 o
9 A13RAP2.12 .
< | A123RAP2.12 x
<
G | A177RAP2.12
RAP2.12A177 e

SC-LW SC-LWHLaczZ
+ 3AT

RAP2.12 is membrane localized and re-localizes
in the nucleus upon hypoxia.

a, Subcellular localization of stably transformed
GFP-fused RAP2.12 and A13RAP2.12.

b, Yeast two-hybrid analysis showing interaction
between RAP2.12 and ACBP1 and ACBP2

¢, Bimolecular fluorescence complementation of
YFP confirming interaction between RAP2.12
and ACBP1 and ACBP2.

d, Yeast two-hybrid analysis between various
truncated RAP2.12 proteins and
D30ACBP1.

AD, activation domain; DBD, DNA-binding
domain; UAS, upstream activator sequence.
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Oxygen-dependent destabilization of RAP2.12

1. According to this pathway the terminal Met is removed
from the protein by methionine aminopeptidase (MetAP)
when the second amino acid of the protein is Cys

2. Terminal Cys is oxidized to cysteine sulphenic acid in an
oxygen-dependent manner before arginine transferase
(ATE) conjugates an Arg residue to the protein

3. This triggers subsequent ubiquitination by the ligase
PROTEOLYSIS 6 (PRT6) and targets the protein to the
proteasome for degradation
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Nobel prize for medicine
goes to scientists who found
out how cells sense oxygen

%

b AN 4
Liakiv

William G.  Sir Peter J. Gregg L.
Kaelin Jr. Ratcliffe Semenza
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L TO R: UNIV. OF OXFORD; HARVARD UNNV.; JOHNS HOPKINS MEDICINE

MEDICINE PRIZE

Biologists who decoded
oxygen sensing win Nobel

Laureates’ discovery underpins understanding of diseases such as anaemia and cancer.

BY HEIDI LEDFORD & EWEN CALLAWAY

trio of researchers has won the 2019
ANobel Prize in Physiology or Medi-

cine for describing how cells sense and
respond to changing oxygen levels by switch-
ing genes on and off — a discovery that has
been key in understanding human diseases
such as cancer and anaemia.

The three scientists are cancer researcher
William Kaelin at the Dana-Farber Cancer
Institute in Boston, Massachusetts; physician—
scientist Peter Ratcliffe at the University of
Oxford, UK, and the Francis Crick Institute in
London; and geneticist Gregg Semenza at Johns
Hopkins University in Baltimore, Maryland.

Nobel prizewinners Peter Ratcliffe (left), William Kaelin (centre) and Gregg Semenza (right).

The team also won the Albert Lasker Basic
Medical Research Award in 2016.

Their work has helped researchers to
understand how the body adapts to low oxygen
levels by, for example, cranking out red blood
cells and growing new blood vessels.

“This isa fundamental discovery that they've
contributed to,” says Celeste Simon, a cancer
biologist at the University of Pennsylvania in
Philadelphia. “All organisms need oxygen, so
it’s really important”

“The field really coalesced around this dis-
covery, which was dependent on each one of
their findings,” says Randall Johnson, a physi-
ologist at the University of Cambridge, UK,
and the Karolinska Institute in Stockholm, and

)

10 OCTOBER 2019

© 2019 Springer Nature Limited. All rights reserved.

amember of the Nobel Assembly. “This really
was a three-legged stool”

OXYGEN DEPRIVATION

The body’s tissues can be deprived of
oxygen during exercise or when blood flow
is interrupted, such as during a stroke. Cells’
ability to sense oxygen is also crucial for the
developing fetus and placenta, as well as
for tumour growth, because the mass of rapidly
growing cells can deplete oxygen in a tumour’s
interior.

In work conducted in the 1990s, the scientists
discovered the molecular processes that cells go
through to respond to oxygen levels in the body.
They found that central to this is a mechanism
involving proteins called hypoxia-inducible fac-
tor (HIF) and VHL.

Semenza and Ratcliffe studied the regula-
tion of a hormone called erythropoietin (EPO),
which is crucial for stimulating the production
ofred blood cells in response to low oxygen lev-
els. Semenza and his team identified a pair of
genes that encode the two proteins that form
the protein complex HIF, which turns on cer-
tain genes and boosts EPO production when
oxygen is low.

Meanwhile, Kaelin showed that a gene called
VHL also seemed to be involved in how cells
respond to oxygen. Kaelin was studying a
genetic syndrome called von Hippel-Lindau’s
disease; families with the disease carry muta-
tions in VHL, and the condition raises the risk
of certain cancers. >

VOL 574 NATURE | 161

Proteasomal
hydroxylation degradation
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Hypoxia

Semenza discovered a protein complex he called
“hypoxia-inducible factor” (HIF). Semenza further
discovered that HIF is comprised of two
transcription factors, now called HIF-1a and ARNT.
Kaelin found that the VHL protein is needed to tag
other proteins with ubiquitin. So without VHL the
degradation of certain proteins is decreased, so
their levels rise.

Ratcliffe discovered that VHL interacts with HIF-
1a, and is necessary for the degradation of HIF-1a
at normal oxygen levels.
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REVIEW SUMMARY

OXYGEN SENSING

Oxygen-sensing mechanisms across eukaryotic
kingdoms and their roles in complex multicellularity

Emma U. Hammarlund*{, Emily Flashman, Sofie Mohlin, Francesco Licausi*t

* Animals and land plants are the most diverse complex multicellular life-forms on Earth

* The performance of cell tasks, however, can be both dependent on and challenged by
oxygen

e Oxygen acts as the final electron acceptor for aerobic respiration but also participates in
reactions to generate metabolites and structural macromolecules

* Recently, oxygen also has come to the fore for its signaling role in developmental
programs in animals and plants



For the rise of complex life, the capacity to
link oxygen perception to transcriptional
responses would have allowed organisms to
attune cell fates to fluctuations in oxygen
availability and metabolic needs in a
spatiotemporal manner.

The puzzles of cellular oxygen sensing

PCO/
02

Complex multicellular life

. recruit dioxygenase enzymes

to posttranslationally modify
transcriptional regulators

. proteasomal degradation at

the relatively “normoxic”
conditions

. Transcriptional responses can

be repressed at higher
oxygen levels (which is
context dependent) but are
specifically elicited under
hypoxia

. the effects of prolonged

hypoxia is also similar in
animals and plants
(transkingdom)



Increasing complexity of oxygen-sensing mechanisms and the extent of complexity within
multicellular organisms over Earth’s history of 4.6 Ga.

Components of oxygen-sensing mechanisms Presumed appearances Observations Complexity of tissues
- Enz. Subst. _ Relative cell type diverstiy
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Enzymes (diamonds) and substrates (circles) | Reconstructions of atmospheric oxygen levels in the past. Eukaryotic
form components of oxygen-sensing kingdoms diversified (0.8 to 0.5 Ga ago), so the evolution of oxygen-sensing
mechanisms, based on thiol dioxygenases mechanisms is rooted in hypoxic conditions.

(orange outlines) and Fe(ll)/2-OG—dependent | High atmospheric oxygen concentrations persisted at 2.5 to 2.0 Ga ago and
dioxygenases (brown outlines). then from 0.4 Ga ago (the Devonian Period) onward.




Oxygen sensing probes as future biotechnological application

(a) .

Sensory @ =o Y o ‘
module l % o7 X PH

Effector ON : : - |
module OCOFF ;’ Proteasome OFF
Output ES}

module OXFIR GFP




	Diapositiva 1
	Diapositiva 2
	Diapositiva 3
	Diapositiva 4
	Diapositiva 5
	Diapositiva 6
	Diapositiva 7
	Diapositiva 8: Yield increase
	Diapositiva 9: WHAT IS THE LINK WITH CLIMATE CHANGE
	Diapositiva 10
	Diapositiva 11: https://www.youtube.com/watch?v=EWXCebuRlEM
	Diapositiva 12
	Diapositiva 13
	Diapositiva 14
	Diapositiva 15
	Diapositiva 16: Strategies
	Diapositiva 17
	Diapositiva 18
	Diapositiva 19: ANATOMICAL ADAPTATIONS TO SUBMERGENCE
	Diapositiva 20
	Diapositiva 21
	Diapositiva 22
	Diapositiva 23
	Diapositiva 24
	Diapositiva 25
	Diapositiva 26
	Diapositiva 27
	Diapositiva 28
	Diapositiva 29
	Diapositiva 30
	Diapositiva 31
	Diapositiva 32
	Diapositiva 33
	Diapositiva 34
	Diapositiva 35
	Diapositiva 36: TOLERANCE AND STRATEGIES
	Diapositiva 37
	Diapositiva 38
	Diapositiva 39
	Diapositiva 40
	Diapositiva 41
	Diapositiva 42
	Diapositiva 43
	Diapositiva 44
	Diapositiva 45
	Diapositiva 46: UNDERSTAND AND EXPLOIT NATURAL VARIATION
	Diapositiva 47: 86 ACCESSIONS
	Diapositiva 48: UNDERSTAND AND EXPLOIT NATURAL VARIATION
	Diapositiva 49: UNDERSTAND AND EXPLOIT NATURAL VARIATION
	Diapositiva 50
	Diapositiva 51: TOLERANCE AND STRATEGIES
	Diapositiva 52
	Diapositiva 56
	Diapositiva 57
	Diapositiva 58
	Diapositiva 59
	Diapositiva 60
	Diapositiva 61
	Diapositiva 62
	Diapositiva 63
	Diapositiva 64
	Diapositiva 65
	Diapositiva 66
	Diapositiva 67
	Diapositiva 68
	Diapositiva 69
	Diapositiva 70
	Diapositiva 71
	Diapositiva 72
	Diapositiva 73
	Diapositiva 74
	Diapositiva 75
	Diapositiva 76
	Diapositiva 77
	Diapositiva 78
	Diapositiva 79
	Diapositiva 80
	Diapositiva 81
	Diapositiva 82
	Diapositiva 83
	Diapositiva 84
	Diapositiva 85
	Diapositiva 86
	Diapositiva 87
	Diapositiva 88
	Diapositiva 89
	Diapositiva 90
	Diapositiva 91
	Diapositiva 92
	Diapositiva 93
	Diapositiva 94
	Diapositiva 95
	Diapositiva 96
	Diapositiva 97
	Diapositiva 98

