
• 06/05: 8.30 – 10.30 (Synthetic Biology)
• 7/05: 14.30 – 15.30
• 14/05: 14.30 – 15.30
• 20/05: 8.30 – 10.30
• 27/05: 8.30 – 10.30
• 11/06: 14.30 – 16:30 (final test)





New frontiers are coming

• the evolutionary transition from endosymbiont to organelle



New Discovery: 
nitroplast

A nitrogen-fixing organelle, or “nitroplast,” has 
been identified in a marine alga on the basis of
intracellular imaging and proteomic evidence. 
This discovery sheds light on the evolutionary 
transition from endosymbiont to organelle. 
The image depicts the cell architecture and 
synchronized cell division of the alga 
Braarudosphaera bigelowii with nitroplast
UCYN-A (large brown spheres). 



The nitroplast: A nitrogen-fixing organelle, Volume: 384, Issue: 6692, Pages: 160-161, DOI: (10.1126/science.ado8571) 



Braarudosphaera bigelowii/UCYN-A lightdark 
cycle is highly coordinated.

Structural characterization during the light cycle
soft x-ray tomography (SXT)







Origin of Chloro-Nucleo communication



PC

D1 D2

E FLHN

O

T
P

R

Q

CP47CP43

IJ LKWMX

b

II I

g

a

IV
III

III

a
a

b

b
d

e

III
IIILhcbi

Lhcbi
Lhcbi

PQ

LGM

2 H2O

4 H+ + O2

3/4 H+

ADP + Pi ATP 

Fd

IKM
A              B

H G

CD E

N

J

F

P700

Fe

X

Qi

Qo

bh

bl

cytochrome b6f PSIPSII ATP synthase

IV-cyt b6

Rieske

cyt f

PQ

PQ

PC

FNR

NADP+

Chloroplast genome

Nuclear genome

b

Z



•Chloroplast genome only 
contains 120 genes
•Chloroplast proteome about 
2500
•Synthesis of chloroplast proteins 
during acclimation is a concerted 
mechanism between plastid and 
nuclear genome

Chloro Mito

Nucleo

Chloroplast protein regulation

So what?



Which signals induce acclimation?
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SYNTHETIC BIOLOGY



SynBio’s iconic DBTL cycle. Note that the cycle outputs 
products, not just information and understanding





Trends in publications in SynBio as a 
whole and in plant SynBio (A) and a 
breakdown of 2022 plant SynBio 
publications by category (B).
Plant SynBio publications in 2022 
were 7.3% of the total.



The context of modern plant physiology





• Schematic representation of 
the terrestrial carbon cycle. 
Annual growth rate of 
atmospheric carbon pool 
(blue arrow) is the differential 
of emissions from fossil fuels 
(9.6 gigatons of carbon, Gt C), 
land use change (1.2 Gt C), 
and uptake of carbon into 
terrestrial (3.1 Gt C) and 
oceanic (2.9 Gt C) carbon 
pools.

• Data for carbon emissions 
from agriculture have been 
taken from the Food and 
Agriculture Organization of 
the United Nations (FAO) 
(www.fao.org/3/cb3808en/cb
3808en.pdf). The FAO data 
include greenhouse gases 
other than CO2, converted to 
CO2 equivalents.

Land-based carbon fluxes 



Root architecture
• Changes in root architecture, 

induction of root-based 
transport systems and 
associations with beneficial 
soil microorganisms allow 
plants to maintain optimal 
nutrient content in the face 
of changing soil 
environments.

Morgan, J. B. & Connolly, E. L. (2013) Plant-Soil 

Interactions: Nutrient Uptake. Nature Education 

Knowledge 4(8):2



The shape of a plant’s root system influences 
its ability to reach essential nutrients



Is there a link between mineral nutrition and 
photosynthesis regulation?



The elevation of atmospheric CO2 
concentration has a strong impact 
on the physiology of C3 plants, far 
beyond photosynthesis and C 
metabolism.
In particular, it reduces the 
concentrations of most mineral 
nutrients in plant tissues, posing 
major threats on crop quality, 
nutrient cycles, and carbon sinks in 
terrestrial agro-ecosystems. The 
causes of the detrimental effect of 
high CO2 levels on plant mineral 
status are not understood.



For nitrogen, this detrimental effect 
is associated with direct inhibition 
of key mechanisms of nitrogen 
uptake and assimilation.
B) Lowered stomata opening
C) Diminished photorespiration



Metabolic pathways by which eCO2 can 
modify the availability of reducing power 
needed for the two steps of nitrate reduction.
Red and green arrows indicate the metabolic 
routes that can be slowed or accelerated by 
eCO2, respectively. eCO2 boosts the rate of 
the Calvin–Benson cycle, increasing the 
demand of reduced ferredoxin (Fd) by 
ferredoxin-NADPH reductase (FNR) to provide 
NADPH for the C fixation pathway. This can 
reduce the availability of Fd for nitrite 
reductase (NIR), which has a lower affinity 
than FNR for Fd. At the same time, eCO2 
decreases the rate of photorespiration. The 
reduced production of 2-oxoglutarate (2-OG) 
by a lower photorespiration can decrease the 
export of malate (Mal) to the cytosol, which is 
needed to provide NADH for nitrate reductase 
(NR).

OAA, oxaloacetic acid.



Strategies for identifying genotypes 
that will maintain robust nutrient 
status in a future high-CO2 world.



Improving genotypes

a) Domestication of 
teosinte to modern 
maize favored 
productivity

b) Targeted engineering 
of modules will allow 
us to produce a wide 
range of desired 
outcomes

c) Plants suited to their 
own environment



Synthetic 
Genetic 
Circuits 
Reprogram 
Plant Roots

Image credits, Jennifer Brophy, Stanford University



The workflow
1. Controlling the activity of genes is an important step in 

engineering plants for improved bioenergy crops.
2. This research developed synthetic genes that can be combined 

to achieve specific patterns of gene expression within the plant.
3. The expression of the synthetic genes is programmed in the form 

of Boolean (“AND,” “OR,” and “NOT”) logic gates that work in a 
similar way to computer circuit boards.

4. Using the synthetic gene circuits, the researchers successfully 
created predictable, novel expression patterns of fluorescent 
proteins.

5. Finally, they used similar gene circuits to redesign root 
architecture by tuning the number of root branches.





The impact
• To understand biological functions and design new 

biotechnology applications, scientists need to precisely 
manipulate gene expression. This is the process that converts 
instructions in DNA into proteins and other products that 
allow cells to do their jobs in an organism. Controlling specific 
patterns of gene expression in plants is challenging. One 
potential solution is synthetic genetic circuits. However, 
tuning circuit activity across different plant cell types has 
proven difficult.

• This research developed new genetic circuits that allow 
precise control of the root architecture. As roots are important 
for the uptake of water and nutrients, this approach will allow 
the design of tailored root architectures. This will in turn 
help researchers to engineer bioenergy crops with improved 
characteristics for growth in marginal lands.

https://www.energy.gov/science/doe-explainsbioenergy-research
https://www.energy.gov/science/doe-explains-biofuels


Summary – part I
To establish synthetic gene circuits capable of predictably 
regulating gene expression in plants, scientists adapted a 
large collection of bacterial gene regulators for use as 
synthetic activators or repressors of gene expression in 
plants, also known as transcription factors. Using a transient 
expression system, the researchers demonstrated that the 
synthetic transcription factors and their target DNA sequences 
(promoters) are able to direct specific and tunable control of 
gene expression. They designed synthetic promoters that 
responded to one synthetic transcription factor to work as 
simple logic gates that responded to one input, while more 
complex gates required synthetic promoters that responded to 
multiple inputs. The research found these logic gates to control 
expression in predictable ways according to the specific 
Boolean rules encoded in the engineered genes.



Summary – part II
To implement synthetic gene circuits in a multicellular context, 
the researchers used Arabidopsis roots as a model system 
where endogenous promoters drove tissue-specific expression 
of the synthetic transcription factors. The gene circuits 
generated novel expression patterns that were the result of 
successfully performing logical operations. The researchers 
further used one of the logic gates to quantitatively control the 
expression of a hormone signaling regulator to tune the 
amount of root branching in the root system of Arabidopsis. 
These results demonstrate that it is now possible to program 
gene expression across plant cell types using genetic circuits, 
providing a roadmap to engineer more resilient bioenergy 
crops.



Engineering spatial 
transcriptional 
patterns in the root 
of the model plant 
Arabidopsis 
thaliana to alter its 
morphology.



A long-standing aim of synthetic 
biology has been to engineer 
genetic circuits that are able to 
confer prescribed spatiotemporal 
patterns of gene expression.

FIRST ISSUE to be solved





Goals

• unlock the next tier in the technology tree of translational biology
• a powerful demonstration of a predictive and quantitative basic 

understanding of genetic regulation in higher eukaryotes.
• This effort constitutes a milestone in the genetic engineering of a 

whole, fully developed multicellular organism and points to the 
challenges ahead.



• Early studies of the cis and trans regulation 
of plant and animal genes showed that 
spatiotemporal patterns of transcription 
follow a combinatorial logic

• The 35s RNA and its spliced derivatives 
serves as polycistronic mRNA for viral 
proteins.

IMPORTANT: Species-specific



• Early studies of the cis and trans regulation of 
plant and animal genes showed that 
spatiotemporal patterns of transcription 
follow a combinatorial logic

• CAF – GATA1 – ASF1 trans-factors



Tobacco

Petunia



• Whether a gene is expressed in a cell type depends on the 
combination of DNA binding sites in its regulatory region and 
whether these sites are occupied by activator or repressor 
transcription factors (TFs) present in these cells. These 
regulatory combinations can be described as boolean logical 
operations.

• For example, a gene may be transcribed only if its activator is 
present while its repressor is absent, a logic operation known as a 
“NIMPLY gate.” (material non-implication). It also became clear 
that TF proteins themselves are modular, with DNA binding and 
regulatory activity being physically and functionally separated.





• Indeed, there persists a humbling gap between our understanding 
of the endogenous genetic circuitry that controls gene expression 
patterns in animals and plants and our ability (or lack thereof) to 
engineer these patterns

• LIMITATION: engineering synthetic TFs and the synthetic 
promoters responsive to them can take multiple iterations of 
testing and optimization, whereas the turnaround time to generate 
a transgenic plant or animal is several months.

SECOND ISSUE to be solved



• It is possible to transiently express multiple transgenes in 
the leaves of the tobacco relative Nicotiana benthamiana
and measure the circuit performance using green 
fluorescent protein (GFP) fluorescence in just 2 days

• Using this platform, 
they developed a 
library of synthetic TFs 
based on bacterial 
DNA binding domains 
and eukaryotic 
activation and 
repression domains. 
Combined with 
synthetic promoters 
that bear bacterial 
DNA binding sites, 
these form an 
impressive collection 
of parts that can 
perform all major 
logical operations



Constructing synthetic 
genetic circuits in plants

• Generation of a collection of synthetic transcriptional 
regulators.

• Design of:
transcriptional activators [1. composed of bacterial DNA binding 

proteins, 2. VP16-activation domains, and 3. SV40 nuclear 
localization signals (NLSs)]

+
synthetic repressors that rely on steric hindrance to achieve 

repression (composed of only DNA binding proteins and NLSs)



Constructing synthetic 
genetic circuits in plants
• Generation of a collection of synthetic transcriptional regulators.
• Design of transcriptional activators [1, composed of bacterial 

DNA binding proteins, 2. VP16-activation domains, and 3. SV40 
nuclear localization signals (NLSs)].

• Virus Protein 16 (VP16) is a transcription factor encoded by the 
UL48 gene of Herpes simplex virus-1 (HSV-1).

• Transactivation domain (TAD) of 
VP16 is one of the most 
efficient TADs. It is fused to 
host transcription factors to 
increase their activity.



Constructing synthetic genetic 
circuits in plants

• Generation of a collection of synthetic transcriptional regulators.
• Design of transcriptional activators [1. composed of bacterial 

DNA binding proteins, 2. VP16-activation domains, and 3. SV40 
nuclear localization signals (NLSs)]

• SV40 large T antigen (Simian Vacuolating Virus 40 TAg) is a 
hexamer protein that is a dominant-acting oncoprotein derived 
from the polyomavirus SV40.



• Schematics of the synthetic transcriptional activators built to 
control gene expression in plants. Small bent arrow denotes the 
transcription start site.

• Similar to previous synthetic promoter designs, activatable plant 
promoters were created by fusing six copies of the DNA sequence 
(operator) bound by these transcription factors (TFs) to a minimal 
plant promoter [positions –66 to +18 of the cauliflower mosaic 
virus (CaMV) 35S promoter]



• Schematics of the synthetic transcriptional repressors built to 
control gene expression in plants. Small bent arrow denotes the 
transcription start site.

• Repressible promoters were built by placing one operator 
sequence at the 3′ end of a full-length CaMV 35S promoter (Fig. 
1B). This design was selected to avoid disrupting 35S promoter 
activity when adding operators.



• mCherry only control
• To enable quantitative measurements of 

gene expression, they used the synthetic 
promoters to drive expression of green 
fluorescent protein (GFP) and 
normalized GFP expression to a 
constitutively expressed mCherry 
encoded on the same T-DNA. They also 
introduced an intron to GFP to prevent 
Agrobacterium from expressing the 
reporter and confounding fluorescence 
measurements



• Activity and specificity of the activator system

• 9/10 were active
• 7 were also specific for the promoter



• AmtR, the master regulator of nitrogen control in 
Corynebacterium glutamicum



• Activity of the repressor system

• Only 4 worked more than 2x



Module optimization

• Arabidopsis 
ETHYLENE 
RESPONSE 
FACTOR2 
(ERF2AD) 
instead of VP16

• adding a repressor 
domain to the 
AmtR-based 
synthetic repressor 
either had no effect 
or only modestly 
increased 
repression

• Changing the number 
of TF binding sites in 
the AmtR-activatable 
promoter resulted in a 
collection of 
promoters of varying 
strength.

• Adding a second 
operator between the 
TATA box and the 
transcription start site 
further improved 
repression and 
dynamic range



Boolean logic operations
• Synthetic TFs built with the AmtR and PhlF DNA binding proteins, 

which demonstrated strong activation and repression in our initial 
TF designs, served as the inputs to all circuits, and GFP served as 
the output.

• Circuit activity was measured in N. benthamiana leaves, which 
were infiltrated with multiple Agrobacterium strains, each 
containing one plasmid that encoded either an input TF or the 
output



Nicotiana benthamiana

• Most circuits involved several design-build-test cycles, which 
were facilitated by the rapid N. benthamiana–based assays and 
the modular nature of the synthetic biology parts generated here.



• Gate behavior in N. benthamiana. Bar 
charts show output of each circuit, 
reported as the ratio of GFP to 
mCherry. Green bars indicate gate 
states that should be ON; gray bars 
indicate states that should be OFF to 
implement correct logic.

• Data are mean and SD of 12 leaf 
punches collected from three leaves 
infiltrated and measured on different 
days. Dots show individual data points.

• ERF4RD, to prevent synthetic 
activators from initiating transcription 
at composite promoters (1-1 state, A 
NIMPLY B)



Optimization is needed 
(different versions)
• To create functional circuits, both 

the promoter architecture and the 
synthetic TFs needed to be 
optimized

• We found that the arrangement of 
operators in the OR promoter 
affected fold change, with the best 
design containing alternating pairs 
of operators



Tuning logic behaviour in N. benthamiana

• OR gate variants. The number and location of AmtR and 
PhlF operators were varied in the output promoter.



Tuning logic behaviour in N. benthamiana

• A NIMPLY B gate variants. Different combinations of 
AmtR- and PhlF-based synthetic TFs were tested.



Tuning logic behaviour in N. benthamiana

• A NIMPLY B gate variants. Different combinations of 
AmtR- and PhlF-based synthetic TFs were tested.



Tuning logic behaviour in N. benthamiana

• A NIMPLY B gate variants. Different combinations of 
AmtR- and PhlF-based synthetic TFs were tested.



Tuning logic behaviour in N. benthamiana

• A NIMPLY B gate variants. Different combinations of 
AmtR- and PhlF-based synthetic TFs were tested.



Tuning logic behaviour in 
N. benthamiana
• The A IMPLY B gate, which worked 

well when its output genes were 
encoded on separate plasmids, 
had an erroneously reduced “no 
input” state when both output 
genes were encoded on the same 
plasmid

• (A) Arabidopsis MATRIX 
ATTACHMENT REGION 10 
(AtMAR10) was tested as an 
insulator between expression 
cassettes on the output promoter





• Gate behavior in N. benthamiana. Bar 
charts show output of each circuit, reported 
as the ratio of GFP to mCherry. Green bars 
indicate gate states that should be ON; gray 
bars indicate states that should be OFF to 
implement correct logic.

• Data are mean and SD of 12 leaf punches 
collected from three leaves infiltrated and 
measured on different days. Dots show 
individual data points.

• ERF4RD, to prevent synthetic activators 
from initiating transcription at composite 
promoters (1-1 state, A NIMPLY B)

• the other IMPLY gate (B IMPLY A) was built 
with two output plasmids that were co-
delivered to plant cells



input promoters + logic gates
• Functional plant circuits were transferred to themodel plant A. 

thaliana to test their capacity to generate specific spatial patterns 
of gene expression across root tissues. The tissue-specific 
promoters of SOMBRERO (proSMB, expressed in the entire root 
cap) and PIN-FORMED4 (proPIN4, expressed in columella, root 
cap,and stele) were used to drive expression of ourinput TFs



Patterning gene expression 
using logic gates.
• Patterning gene expression using logic gates.
• Output of each circuit is nuclear localized 

GUS-GFP fusion protein. In all panels, T-DNA 
schematics show the identity and arrangement 
of circuit components. Root images were 
taken 5 days after sowing. Box-and-whisker 
plots show quantified reporter expression for 
three T2 plants from a single transgenic line. 
Green boxes indicate cell layers that should be 
ON and gray bars indicate states that should 
be OFF to implement correct logic. Expression 
levels of individual cells in each root layer are 
shown as black dots. Box plot hinges indicate 
the first and third quartiles. Letters denote 
significant differences in expression (P < 0.01, 
Student’s two-tailed t test). Additional 
independent lines in fig S6.



Patterning gene expression 
using logic gates.



PIN and auxins



• the cellular maturation of root cap is redundantly regulated 
by three genes, SOMBRERO (SMB), BEARSKIN1 (BRN1), and 
BRN2



Tuning







Root architecture to demonstrate how precise 
spatial control over gene expression may be used 
to engineer development

Lateral roots allow plants to radially 
sample soil, and the number of lateral 
roots that a plant generates affects its 
ability to search for water and essential 
nutrients in the environment



Root ideatypes

The close relationship between root growth 
and plant fitness has led to proposals of ideal 
root architectures for plant growth in specific 
environments



Root architecture to demonstrate how precise 
spatial control over gene expression may be used 
to engineer development





Robotics-assisted 
phenomics platform



Growth and Luminescence Observatory for Roots 
(GLO-Roots) automation: GLO-Bot.
(A) Schematic of the GLO-Bot Cartesian gantry system 
includes: (1) The Growth and Luminescence 
Observatory 1 (GLO1) imaging system published 
in Rellán-Álvarez et al., 2015, which houses two 
cameras and a rotating stage for root imaging, (2) a 
station for general watering or treatment with diluted 
luciferin solution prior to imaging, (3) a barcode 
scanner to identify the rhizotron and load a specific 
watering and imaging protocol, (4) a robotic arm, 
which moves in the x-, y-, and z-directions and has a 
hook at the end to pick up rhizotrons, and (5) an area 
for plant growth, which can be seen in the photograph 
of GLO-Bot (B). (C) Automation updates required 
modification of the GLO-Roots growth vessel design to 
include a black acrylic plate and hooks for rhizotron 
handling as well as dividers within the growth boxes 
and guides along the bin top, which allow the 
rhizotron to hang and shield the roots from light. 
Copper tape along the edge of the bin top enables 
positioning. Gray-scale bars denote 30 cm.

https://elifesciences.org/articles/76968#bib39




Uncovering natural variation in root system 
architecture and growth
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