
Did you log in mediaspace with your SSO?

Checkpoints

March 15: Divide into groups - pick up a topic you love – define the 
format

March 25: List of paper

April 05-15: Paper presentation

May 07: upload your podcast on mediaspace

May 27: ANNOTO, discussion peer evaluation
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Final test
21/06/2024 09:00
19/07/2024 09:00
28/08/2024 09:00
17/09/2024 09:00

Extra 11/06/2024 14:30 Aula 1D



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

• Floodings
• Adaptative responses
• Biodiversity
• Transcription factors in rice
• Model systems



• 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 public investment



• 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 genome-wide 
association studies and other gene-mapping 
methods paired with advanced phenotyping systems.

• The targeted editing of genomes using CRISPR–Cas 
technology.



• 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 
growing global population



Yield increase

a, Pathogen recognition by cell-surface and intracellular 
receptors (resistance proteins

b, Flooding survival 

c, 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
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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.
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https://www.youtube.com/watch?v=EWXCeb
uRlEM

• Daniela Piovan



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.





Plants and flooding stress
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Floods in 2011 in Queensland, Australia, received a great deal of attention in the 
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



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



Strategies
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excessive water

affects the natural patterns of 
plant distribution and biodiversity 
(Silvertown et al., 1999)

has a devastating impact on crop 
growth and survival and thus on 
food production (Normile, 2008).

Upon flooding there are changes

[O2]

[CO2] ROS

Hormones They can occur in various combinations, 
as determined by the flooding regime.
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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.

Oxygen and photosynthesis
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understand the patterns of plant 
distribution and abundance in 
natural flood-prone communities
to improve flood tolerance in 
economically important crops.



ANATOMICAL ADAPTATIONS TO SUBMERGENCE
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Flooding reduces gas exchange between plant cells and the atmosphere

Plants require a free exchange O2 and increased CO2 like animals they 
can be suffocated if gas exchange is impaired

In roots, CO2 must diffuse away (toxic)

O2 is required for respiration (ATP generation)



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

Maize
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AERENCHYMA

Aerenchyma are internal gas-filled air spaces in root cortical region that facilitate O2 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).



21

FLOODING IN THE WILD
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ANATOMICAL ADAPTATIONS TO SUBMERGENCE
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ANATOMICAL ADAPTATIONS TO SUBMERGENCE

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? 



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



Buchanan et al. (2000) (Biochemistry & Molecular Biology of Plants 
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Low O2 induces ethylene production that leads to aerenchyma formation

S-adenosylmethionine (SAM)
1-aminocyclopropane-1-carboxylic acid (ACC)
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Concerning plant physiology, what does 
ethylene do in your daily life?
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1-methylcyclopropene (1-MCP) and climacteric fruits

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). 
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1-methylcyclopropene (1-MCP)

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

1-methylcyclopropene (1-MCP)
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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 mm.

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

Gene classification based on gene
ontology (GO) for genes commonly 
upregulated (open bars) or down-
regulated (closed bars) in Zea mays in 
Expts 1 and 2.

The frequency of GO terms was 
analyzed using GO Slim Assignment. 
The x-axis and y-axis indicate the 
names of clusters and the ratio of 
each cluster, respectively. Only the 
biological processes were used for 
GO analysis.
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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.



Abiotic 
stress

At the molecular level At the organism level



Bailey-Serres & Voesenek (2008) Annu Rev Plant Biol

Low O2 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 O2 diffusion into the leaf

35

Aerenchyma formation interacts with stem elongation especially in fully submerged plants



TOLERANCE AND STRATEGIES

36

tolerant

Plant under flooding

Intolerant to flooding and 
therefore are excluded from 
flood-prone habitats

escape strategy based on a suite 
of (inducible) morphological 
and anatomical traits allowing 
re-aeration of flooded tissues.

quiescence strategy composed 
of traits that conserve the use 
of energy and carbohydrates to 
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 O2

Quiescence  (lowland)   Intolerant     Escape (deep water) 

Rice is remarkably well adapted to submergence and can even germinate in the complete 
absence of oxygen
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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.
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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?
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Arabidopsis 
genetic 
variation is a 
powerful tool



• Program launched in 2008
• First data released in 2016





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

• 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

46

Understand the patterns of plant 
distribution and abundance in 
natural flood-prone communities
to improve flood tolerance in 
economically important crops.



86 ACCESSIONS
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86 accessions were submerged in 
complete darkness and the results 
demonstrated considerable genetic 
variation in flooding tolerance.

Tolerance to complete 
submergence in the dark was 
measured by the statistical 
parameter LT50 (median lethal
time + SE). LT50 is defined as the 
number of days after which 50%
of the plant population (for a 
particular accession) dies, and was
calculated from survival curves for 
each accession.

Cvi

C24

Col



UNDERSTAND AND EXPLOIT NATURAL VARIATION

48

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.



UNDERSTAND AND EXPLOIT NATURAL VARIATION

49

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?



•Arabidopsis -> quiescent strategy

WHAT CAN WE DO WITH NATURAL VARIATION?

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



TOLERANCE AND STRATEGIES

51

tolerant

Plant under flooding

Intolerant to flooding and 
therefore are excluded from 
flood-prone habitats

escape strategy based on a suite 
of (inducible) morphological 
and anatomical traits allowing 
re-aeration of flooded tissues.

quiescence strategy composed 
of traits that conserve the use 
of energy and carbohydrates to 
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 O2

Quiescence  (lowland)   Intolerant     Escape (deep water) 

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



Voesenek and Bailey-Serres (2009) Nature 460:959-960
5656

Escape and quiescence strategies for flooding tolerance

In some areas of Asia submergence occurs 
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 
trait relies on two group VII ERF genes: 
SNORKEL1 and SNORKEL2 (SK1, SK2). Only 
present in deep water rice varieties, they 
activate a gibberellin-dependent internode 
elongation, up to 25 cm per day, sufficient to 
maintain an aerial contact with some of the 
leaves which allow air transfer to the 
submerged parts of the plant via aerenchyma
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SNORKEL1 AND SNORKEL2

SNORKEL1 AND SNORKEL2 are transcription factors as 
testified by their nuclear localization.

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



Hattori et al (2009) Nature 460:1026-1031 5858

Submergence escape – SNORKEL1 (SK1) and SNORKEL2 (SK2)

Red circles, 
positions of
major QTLs
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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
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Genome-wide association study for rice germination rate.

a Genotype × environment (G × 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 × 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 -
log10 P values = 5. Peak 1 and Peak 2 are shown by red and green arrows, respectively.





Voesenek and Bailey-Serres (2009) Nature 460:959-960
6565

Escape and quiescence strategies for flooding tolerance

In some areas of Asia submergence occurs 
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 
trait relies on two group VII ERF genes: 
SNORKEL1 and SNORKEL2 (SK1, SK2). Only 
present in deep water rice varieties, they 
activate a gibberellin-dependent internode 
elongation, up to 25 cm per day, sufficient to 
maintain an aerial contact with some of the 
leaves which allow air transfer to the 
submerged parts of the plant via aerenchyma

394488



Hattori et al (2009) Nature 460:1026-1031 6666

Submergence escape – SNORKEL1 (SK1) and SNORKEL2 (SK2)

Biological responses to climate change

Red circles, 
positions of
major QTLs



Hattori et al (2009) Nature 460:1026-1031 6767

Submergence escape – SNORKEL1 (SK1) and SNORKEL2 (SK2)

Red circles, 
positions of
major QTLs

DW: Deep Water Lines
T65: non-deepwater rice cultivar
C9285: deepwater rice cultivar
NIL-12: Near Isogenic Line 12

Parameters
TIL: Total Internode Elongation Length
LEI: Lowest Elongated Internode
NEI: Number Elongated Internodes



Organ-specific expression of SK genes 
LS, leaf sheath;
LB, leaf blade;
ST, basal part of stem;
RO, root;
PA, panicle.

VC = empty vector control



Hattori et al (2009) Nature 460:1026-1031 6969

Submergence escape – SNORKEL1 (SK1) and SNORKEL2 (SK2)

Red circles, 
positions of
major QTLs

DW: Deep Water Lines
T65: non-deepwater rice cultivar
C9285: deepwater rice cultivar
NIL-12: Near Isogenic Line 12

Parameters
TIL: Total Internode Elongation Length
LEI: Lowest Elongated Internode
NEI: Number Elongated Internodes



W = wild species
T65 and C9285 = cultivar

How were the QTLs identified?



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

Preliminary characterisation



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

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 





Genetic markers associated to QTL 
and plant phenotypes



APETALA2/Ethylene Responsive
Factor (AP2/ERF) superfamily

AP2/ERF proteins containing at 
least one DNA binding domain 
– named the AP2 domain –
have been divided into three 
separate families, namely the 
ERF, AP2 and RAV families
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SNORKEL1 AND SNORKEL2

SNORKEL1 AND SNORKEL2 are transcription factors as 
testified by their nuclear localization.

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

• Ethylene boost TIL 
• 1-MCP reduces TIL
• No difference in Ethylene production between DW 

and non-DW 



Uniconzole is an 
antagonist of GA



Voesenek and Bailey-Serres (2009) Nature 460:959-960
7979

Escape and quiescence strategies for flooding tolerance

Clearly the success of rice in flooded habitats 
is due to its ability to rapidly regain aerial 
contact.
Interestingly, only a few rice varieties can 
survive complete submergence for an 
extended period of time, a phenomena that 
regularly occurs in so-called flash-floods. 
These varieties survive thanks to the group VII 
ERF gene SUB1A, whose product positively 
regulates the fermentation capacity, but 
represses plant growth by restricting 
gibberellin-signalling

SLR1, a negative regulator of GA signaling
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Sub1 region



8181

DIFFERENT ALLELES



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

8282

Low oxygen quiescence – SUBMERGENCE1A-1 (SUB1A-1)



8383

EXPRESSION OF SUBMERGENCE1A-1 (SUB1A-1)

TOLERANTNON-TOLERANT



Xu et al (2006) Nature 442:705 

8484

SUB1 introgression by maker assisted selection

Introgression of the FR13A Sub1 haplotype into an 
intolerant variety by MAS confers submergence 
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.



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

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


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



In Arabidopsis, a conserved amino-terminal amino acid 
sequence of the ethylene response factor (ERF)-
transcription factor RAP2.12

hypoxia marker genes

• 35S::RAP2.12 = constitutive overexpression ofRAP2.12
• 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::D13RAP2.12).



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

a, Subcellular localization of stably transformed 
GFP-fused RAP2.12 and D13RAP2.12. 

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

c, 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. 



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

Oxygen-dependent destabilization of RAP2.12
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• William G. Kaelin Jr.

• Sir Peter J. Ratcliffe

• Gregg L. Semenza

92
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• 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-1α 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-
1α, and is necessary for the degradation of HIF-1α 
at normal oxygen levels. 



• 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

• 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.

1. recruit dioxygenase enzymes 
to posttranslationally modify 
transcriptional regulators

2. proteasomal degradation at 
the relatively “normoxic” 
conditions

3. Transcriptional responses can 
be repressed at higher 
oxygen levels (which is 
context dependent) but are 
specifically elicited under 
hypoxia

4. 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.

Enzymes (diamonds) and substrates (circles) 
form components of oxygen-sensing 
mechanisms, based on thiol dioxygenases 
(orange outlines) and Fe(II)/2-OG–dependent 
dioxygenases (brown outlines).

Reconstructions of atmospheric oxygen levels in the past. Eukaryotic 
kingdoms diversified (0.8 to 0.5 Ga ago), so the evolution of oxygen-sensing 
mechanisms is rooted in hypoxic conditions.
High atmospheric oxygen concentrations persisted at 2.5 to 2.0 Ga ago and 
then from 0.4 Ga ago (the Devonian Period) onward.



Oxygen sensing probes as future biotechnological application
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