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Engineering with plants




Plants as
protection
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Plants as
protection

Avalanche protection

"Avalanche Modelling in Forested Slopes", Design Project, Francesc Molné, Clara Streule, Master
Environmental Sciences and Engineering, EPFL, June, 2020.



Plants as
protection

A mixture of vegetation types

may provide the best
combination

: : Surface runoff
Erosion protection

Bank
&/~ erosion



Plants as
protection

Heat protection
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Cooling Effects of
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Maximum cooling potential is achieved
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Plants as
producers

Biofuels




Plants as
producers
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PLANTS & FOOD
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Warld populatio

The world population grows and grows ...
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The world population is

expected to triple between
1950 (2.5 billion) and 2020

(7.5 billion)
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rn. billions

Warld populatio

The world population grows and grows ...

1

0

A major objective of plant
science is to increase food

production; current estimates

Indicate that we need to

increase production by 70% in

the next 40 years.
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Stressors and their impact




Environmental stressors that impact ecosystems

Abiotic - non-living factors Biotic factors - living factors

Bacteria
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Biotic factors - living factors in the environment’

Biotic stress — negative effect on plants caused by living organisms such as insects, fungi, bacteria, viruses.

Potato.late blight fungus

Phytophthora infestans Puccinia graminis tritici

Photo credits: www.news.cornell.edu; www.fao.org, ARS USDA



http://www.news.cornell.edu/
http://www.fao.org/
http://www.ars.usda.gov/Main/docs.htm?docid=9910

Environmental stressors that impact ecosystems

Abiotic - non-living factors Biotic factors - living factors

Biotic stresses

Adverse effects on plants
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Plant growth is often limited by drought stress

Areas of physical and economic water scarcity

E Lirtle or no water scarcity
I Physical water scarcity

B
Sourca: IMWI report, Insights from the Comprehensive Assassmant of
Weter Managerment in Agriculture, 2006 / p&


http://www.iwmi.cgiar.org/

Drought stress is compounded by increasing global
temperatures

In warm regions,
crop yields can
drop ~3 — 5% with
every 1°C increase
In temperature.

change in mean

i One model of mean temperature (°C)
= - = temperature increases in .highzs
agricultural lands by 2050. low : 0

Gomall, J., Betts, R., Burke, E., Clark, R., Camp, J., Willett, K., and Wiltshire, A. Implications of climate change
for agricultural productivity in the early twenty-first century. Phil. Trans. Royal Soc. B: 365: 2973-2989.m


http://rstb.royalsocietypublishing.org/content/365/1554/2973.full

Even mild drought stress reduces yields

Mild drought stress reduces
the rate of photosynthesis and
growth, whereas extreme
drought stress is lethal.

Photo: American Enterprise Institute



We need plants that grow well even under stressful
conditions

Heat and drought
reduce plant yields




We need plants that grow well even under stressful
conditions

Heat and drought
reduce plant yields

V|

More land must be cleared
to grow more crops




We need plants that grow well even under stressful
conditions

Heat and drought
reduce plant yields

)

Removing trees to make

way for crops puts more
CO:z2 into the atmosphere '

\

More land must be cleared
to grow more crops
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SALINITY AS A THREAT
TO FOOD PRODUCTION
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Salinity from fertilizers

* Crops need fertilizer — potassium,
phosphate, nitrogen, and other nutrients

« Potassium and phosphate are non-
renewable, mined resources

« Synthesis of nitrogen fertilizers requires
huge amounts of energy

Photo credits: Mining Top News; Library of Congress, Prints & Photographs Division, FSA-OWI Collection, LC-USW361-374



http://www.miningtopnews.com/rio-tinto-reaches-agreement-to-sell-potash-assets-and-brazilian-iron-ore-operation.html
http://hdl.loc.gov/loc.pnp/fsac.1a35070
http://hdl.loc.gov/loc.pnp/fsac.1a35070

Agricultural fertilizer use is a considerable source
of environmental pollution

Fertilizer run-off causes dead
zones, algal blooms that then
decay, reducing oxygen levels in
the water and making animal life
Impossible

Photo courtesy of NASA/Goddard Space Flight Center Scientific Visualization Studio


http://svs.gsfc.nasa.gov/vis/a000000/a002900/a002979/index.html
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Coastal groundwater salinization due to seawater intrusion
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Salinity categories

Sea water:  ~35 g/kg of sea water
Range: 33 - 38 ppt

A. Freshwater lakes, rivers, and streams:

Below 0.35 g/kg of water

B. Brackish water is a mixture of fresh water and
seawater, below approximately 33 ppt

C. Hypersaline water, or brine, is very salty seawater,
above approximately 38 ppt.
Example: in tidepools or salty lakes.

Dead Sea, has a salinity of 280 ppt, about eight times
saltier than average seawater (35 ppt)!



Hydrometer

density (g/mL)
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Image by Byron Inouye

A hydrometer used to determine water densities in g/mL.

The pink shaded region indicates the optimum density of
saltwater aquaria at an average temperature of 20°C to 25°C.



Engineering the plants




Scientists can contribute to the alleviation of hunger

By developing plants that

= are drought or salt tolerant

» require less fertilizer or water
= are resistant to pathogens

= are more nutritious




n Revolution

Traditional Breeding

Desired traits are identified in separate individuals
of the same species, which are then bred to
combine those traits in a new hybrid variety.

Wheat History Wagon

1. A wild ancestor from the Middle East

2. Einkorn wheat, domesticated there 10,000 years ago
3. Durum wheat

4. Modern wheat, produced by crossing durum with goat grass
5. A green revolution variety with shorter stalks and larger seeds

Modern approaches
CRISPR-Cas9 - targeted editing



24

> G e n e E d iti n g Benefits for Crop Breeding
With CRISPR-CaSQ Faster crop improvement

Precise traits

Using Native Characteristics to Improve
Crops to Benefit People and the Planet Inexpensive

CRISPR-Cas9 Method

Clustered Regularly Interspaced Short Palindromic Repeats

Cas9 (the most widely utilized system) is
a special enzyme that can be guided by
a short piece of RNA to find the target
sequence of DNA and carry out the
editing function

)
=]
Benefits for Farmers and Consumers

Defense against pests

Drought tolerance
Larger harvests
Better nutrition

Longer shelf life

Cas9 edits, deletes or replaces_ ’_[he targeted % PLanT Science Cenrrr | danforthcenter.org
gene sequence to create specific results

Wizssa | st | wren
22013 Danald Danfarth Plane Science Cemtar. Al rights rasamed




Arabidopsis thaliana

Model plant system

6 VEGETABLES THAT ARE ACTUALLY THE SAME PLANT

Brussels sprouts Wild Mustard Plant Broccoli
Lateral leaf buds Brassica Oleracea Flower buds/stems

v

a

Cabbage

Terminal leaf bu::l/

Cauliflower
Flower buds

Kohlrabi
Stem
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w
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Monitoring stress in model systems in the lab

Aboveground system — shoots, leaves ...

Age
13 14 15 16 17
Control

wxmm;e-,se.éé-ﬁé-ﬁé}w@%

Drought
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NaCl_500mM

Stress




Monitoring stress in model systems in the lab

Drought

Wild-type i jerant

Seedlings

Belowground system — soil, roots, ...

Drought
tolerant

Wild-type

Mature plants

A larger root system contributes
to drought tolerance

Breeding plants for larger root
systems can help them grow in
drought-prone regions.

Yu, H., Chen, X.,Hong, Y.-Y., Wang, Y., Xu,P., Ke, S.-D., Liu, H.-Y., Zhu, J.-K., Oliver, D.J., Xiang, C.-B.
(2008) Activated expression of an Arabidopsis HD-START protein confers drought tolerance with improved
root system and reduced stomatal density. Plant Cell 20:1134-1151.


http://www.plantcell.org/cgi/content/abstract/20/4/1134

Salinity stress in plants

Most of our crops are salt sensitive

Glycophytes — salt sensitive Halophytes - naturally salt tolerant

Most fruits and veg...




Marsh grasses can tolerate wet conditions that
would typically drown terrestrial plants.

Many of these coastal species have also adapted
to survive in salty seawater or brackish water.

o
iy i
i

Spartina alterniflora, a coastal salt marsh grass. Image: USDA

A Dream of Plant Biologists and Farmers:
Breeding Salinity Tolerance Into Plants Without Significant Yield Penalty


https://commons.wikimedia.org/wiki/File:Spartina_alterniflora.jpg
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HOW CAN WE CONFER
SALINITY TOLERANCE TO
OUR CROPS?




Breeding and engineering for salt tolerance

~

Accumulation of
compatible solutes
P5CR and P5CS- proline

Na*, CI’
_ (Vacuole Wl
Tissue tolerance

o

Salt tolerance can be

attributed to three

V-PP?,\ V-ATPase

Bet1-» glycine betaine
SPS - sucrose

non-exclusive Mg-PPi 2xPi ~ Mg-ATP Mg-ADP
) +Mg?* +Pi )
mechanisms
Sensing
+
signaling 3
éa‘“
‘&\9 @Q
Salinity tolerance can be bo"o & Xylem
. & < apoplast
enhanced by breeding or " | \

engineering

Transpiration

4+ Mg-PPi 2xPlsMg™ Mg-ATP Mg-ADPsPi I

Reprinted fromRoy, S.J., Negrdo, S. and T ester, M. (20 14). Salt resistant crop plants. Curr. Opin. Biotech.26: 115-124.

ecosystem


http://www.sciencedirect.com/science/article/pii/S0958166913007192

Combination of approaches

To capture plants responses to abiotic stress
Metabolites
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zotron — root laboratory

East Malling Research, UK.

1960s, world’s first underground root laboratory

Fig.3.2. View of a raspberry root system showing labelled and marked roots for better
drawing in the course of a dry excavation (Christensen, 1947). With kind permission of the
East Malling Rescarch Station, England

Rhizotron, derived from the Greek verb "rhiz6o / pllow"
meaning "root" ("become stable")

An architectural device for
subterranean observation
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Shovelomics

Phenomics

OUT of the native soil:

Plants are cultivated in the field, then the top part of
the root system (crown) is excavated, washed and
imaged.

Trachsel, S., Kaeppler, S.M., Brown, K.M., and Lynch, J.P. (2010). Shovelomics: high throughput phenotyping of
maize (Zea mays L.) root architecture in the field. Plant Soil 341: 75-87; Colombi, T., et al. (2015). Next
generation shovelomics: set up a tentand REST. Plant and Soil 388: 1-20.


https://link.springer.com/article/10.1007/s11104-010-0623-8
https://link.springer.com/article/10.1007/s11104-015-2379-7

lonomics

MACRO & MICRONUTRIENTS...BOTH ARE ESSENTIAL

Macro-nutrients ' | Micro-nutrients
Required in larger quantities Required in smaller quantities




Zooming into the plant!
See where the problem "salt accumulates at the required resolution

Isotopic/elemental
imaging

Mass Spectroscopy
Imaging
techniques
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How cryogenic microscopy could help
strengthen food security

What does salinity
stress look like within
the plant tissue?

ng tham a
farmland ars de

https://actu.epfl.ch/news/how-cryogenic-microscopy-
could-help-strengthen-foo/

bnt-cycling/


https://actu.epfl.ch/news/how-cryogenic-microscopy-could-help-strengthen-foo/

.. Arabidopsis root tip — ultrastructure preservation!

Startto build a roadmap into cellular salinity stressresponses...

54



First images of elemental distribution in plant root meristems!

Root meristem Blockface CryoSEM Sodium (23Na*) o Potassium (3°K*) Calcium (“°Ca*)
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v — vacuole; ¢ — cytosol; n - nucleus Ramakrishna et al., 2025, Nature
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Salt redistribution within cellular landscape

Mild salt-stress

Moderate salt-stress |

CryoSEM
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Model for how plant roots cope with salinity stress

Plant root stem cells

PR D omil

mild stress

NEREYE]
EIGIIGI SOS1 transporter
high low

PM - plasma membrane

Salt concentration driven switch in sodium
accumulation strategy in cells

Low stress — exclude Na* from cell
High stress —load Na* into vacuoles

nature
Explore content v  About the journal v  Publish with us v

articles » article

E-Ié_m;e-ﬁl-:_é_l"cryo-imaging reveals SOS1-dependent
vacuolar sodium accumulation

Published: 15 January 2025

re.com/articles/s41586-024-08403-y

https://www.natu
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https://www.nature.com/articles/s41586-024-08403-y

Engineering for plants




CryoNanoSIMS
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Center for Advanced
Surface Analysis

Nonil_

UNIL | Université de Lausanne
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Nanoscale secondary ion mass spectrometry (NanoSIMS)

Build a chemical map of the elemental/isotope distribution inside the sample

Primaryion
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Modified from Myscope.training
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Nanoscale secondary ion mass spectrometry (NanoSIMS

, j — Schematic of
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NanoSIMS so far for biology: imaging of chemically fixed samples

Classic Electron Microscopy sample preparation

Bound components of cell

Fixation Cross links proteins
DNA Proteins
H tal W Stains membranes,
cavymeta sl mitochondria, ER..
staining

Loss of water soluble Mem branes Ce" Wa"

components - solutes, free (lipids) (polysaccharides)
ions...

Dehydration

What about the water soluble components?

The physiologically relevant ions, the salts?

Lewis, Genoud et al, Curr. Op. in Struct. Biol. 2019



Cryogenic workflow for correlative cryoSEM-CryoNanoSIMS

Vitrification of biological tissue inits most pristine state!

() Plant growth (if) High-pressurefreezing“ (i)  Cryo-planing
0=2,000 béi_rl Cryo-planed
B p blockface
NG A ?‘ ~ 1r—-F{out tip
= LT R lamon
L/‘ Type A carrier PRSP @Q Khte Ice particle
Ti -110°C
ime (ms) VoT
(vii) CryoNanoSIMS (vi) CryoSEM (v) Metal coating (iv) Freeze etching
imagin imagin iiii ' '
gng VCT ging s Sublimation )
Subcellular Subcellular {_ " o’
elemental mapping ultrastructure

VCT —Vaccum Cryo Transfer shuttle

Blue — analysis under cryo-conditions Meibom et al., 2023, BMC Biology



Bilosensors

sed on organic electrochemical transistors.

THOR BALKHED

Hybrid aspen, Populus tremula.

Sugar levels without damaging the plant



Ion flow sensors
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Detects and records the tiny electrical signals plants generate



By infusing the leaves of an Arabidopsis thaliana plant with
nanoparticles, researchers have boosted the plant's energy
production.

Vickmark)

Near-infrared microscope - output of carbon
nanotube sensors embedded in the plant (Photo: Bryce Vickmark)
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