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Aspirations for high crop growth and yield, nutritional quality and
bioproduction of materials are challenged by climate change and

limited adoption of new technologies. Here, we review recent advances
inapproaches to profile and model gene regulatory activity over
developmental and response time in specific cells, which have revealed the
basis of variation in plant phenotypes: both redeployment of key regulators
to new contexts and their repurposing to control different slates of genes.
New synthetic biology tools allow tunable, spatiotemporal regulation of
transgenes, while recent gene-editing technologies enable manipulation of
theregulation of native genes. Ultimately, understanding how gene circuitry
iswired to control form and function across varied plant species, combined

with advanced technology to rewire that circuitry, will unlock solutions to
our greatest challenges in agriculture, energy and the environment.

Plants are essential to human life on earth. They have important roles
from the planetary scale to societal and cultural practices. They mod-
ulate global atmospheric CO, and oxygen levels, cool our cities and
nourish our bodies. Like animals, plants are wired to respond to diverse
environmental cues that enable themto thrivein constantly changing
environments. However, plants differ from animals in their decision
making inimportant ways. First, plants lack a central nervous system
tointerpret and respond to stimuli. Second, plants undergo continuous
development, maintaining populations of pluripotent stem cells called
meristems, which differentiate and continue to produce new above-
ground and belowground organs throughout the plant’s life, unlike most
animals, which may continue to grow in size but have a determinant
body plan. This means that plants can respond to environmental cues
or challenges by modifying their development. While an animal can
respond toits environment through neuronal networks thatinfluence
behavior, plantresponses are hardcodedin their genomes and comprise
networks of genes, which are turned on and off in specific contexts
through signaling pathways to tune development and physiology.

A deep understanding of the gene regulatory circuitry under-
lying this plasticity presents a unique opportunity to address grand
challenges of our time. Climate change is causing more extreme and
frequent weather events, including droughts, floods and temperature
oscillations, which already reduce crop productivity' . Fertilizer use is
inefficient and damaging to aquatic ecosystems, and its productionis
unsustainable and its use unaffordable for many smallholder farmersin

the Global South*’. Remarkably, plants have adapted to thrive in varied
and even extreme ecosystems. Knowledge of the genetic, developmen-
taland physiological mechanisms of this trait variation and plasticity has
provided importantinsights into strategies for crop improvement>®”.

Understanding the gene regulatory circuitry by which environ-
mental cues are integrated into developmental and physiological
decisions is only the first step in manipulating desired traits. It is well
known that specific genes are conditionally programmed in spe-
cific cells over time and space. Single-cell technologies that provide
DNA, RNA, protein and metabolite readouts are rapidly magnifying
this understanding, yet wide deployment of genetically engineered
crops has mostly been limited to traits resulting from the constitutive
expression of genes that convey herbicide tolerance or pest resistance.
Technological strategies enabled by CRISPR-Cas genome editing and
synthetic transcriptional circuits provide anavenue to manipulate gene
regulatory circuitry in new ways and in specific cells, which can move
mechanisms of resilience and productivity across species or augment
or otherwise engineer existing circuitry. Here, we review recent find-
ings in defining and manipulating gene regulatory circuitry, which
could be used to engineer improved fitness in adverse environments
or develop plant-based solutions in the bioeconomy.

Defining plant gene regulatory networks
Transcription factors (TFs) are proteins that bind to a specific DNA
sequence (TF binding site; TFBS) in promoters or genic regions®’ and

Center for Plant Cell Biology, Department of Botany and Plant Sciences, University of California, Riverside, Riverside, CA, USA. < e-mail: serres@ucr.edu

Nature Genetics


http://www.nature.com/naturegenetics
https://doi.org/10.1038/s41588-024-01806-7
http://orcid.org/0000-0002-2510-8136
http://orcid.org/0000-0002-8568-7125
http://crossmark.crossref.org/dialog/?doi=10.1038/s41588-024-01806-7&domain=pdf
mailto:serres@ucr.edu

Review article

https://doi.org/10.1038/s41588-024-01806-7

a Signal b

i Activator , @
3 Repressor | A (A)
) ) :
' & Target gene i
4 Signalf  Time

TFBS TFBS o

Abundance @

YTO

Fig.1| Generegulatory network architecture. a, Model of asimple gene
regulatory network (GRN). TFs bind DNA of targets at specific short sequences
(TFBSs) and either promote, through activation domains (ADs), or prevent,
through repression domains (RDs), the transcription of genes, including

those encoding other TFs. The coding sequence (CDS) of the transcribed and
processed mRNA can be translated into proteins with functional roles in the cell.
b, Asimplified version of the network represented in a, forming the motif of an
incoherent feedforward loop. ¢, Theoretical activity of the GRN over time, where
TF Ais turned on by asignal. This functions as a pulse generator, as gene Cis
active only before it can be repressed by B. d, A theoretical hierarchical network
inwhich the size of each node (circle) is weighted by its connections using the
PageRank algorithm. For a GRN, this would reveal driver or high-level TFs that
likely are upstream components as larger nodes. Data are from ref. 99.

promote, prevent or finetune the transcription of one or more genes.
TFBSs of many plant TFs are known because of high-throughput assays,
including protein-binding microarrays and DNA affinity purification
and sequencing (DAP-seq)'*"". The DNA-binding domains of TFs are
generally well conserved; therefore, TFs conserved across species can
be grouped by homology and associated TFBSs can be inferred™. At the
simplestlevel, the promotion or prevention of transcriptionis largely
achieved through activation domains or repression domains of TFs or
associated proteins, which either recruit or prevent the recruitment
of transcriptional machinery to the transcription start site (Fig. 1a).
Activation and repression domains are more difficult to identify and
are less conserved at the level of protein sequence, but recent work
has begun to systematically characterize these domains in plant
TFs". TFs themselves are encoded by genes and thus are regulated by
other TFs. This gene regulatory logic can berepresented at the system
level as a gene regulatory network (GRN), in which nodes represent
genes, including TFs, which are connected by edges that represent
regulation (Fig. 1a,b). This abstraction necessitates a simplification
of additional levels of gene regulatory control (post-transcriptional
and post-translational), which can exist within the nodes of a GRN.
These post-transcriptional modes of control can disproportionally
affect TFs, notably by microRNA-mediated transcript degradation™
and translational control by upstream open reading frames'¢,
Functionally, two major modalities have been used to infer GRNs.
The first approach is to consider transcriptome data. TFs and their
targets are often coexpressed, and the cohort of TFs for which mRNA
abundance, across time, tissues, developmental stages or conditions,
best predicts the abundance of a target gene can be predicted as its
regulators”. Single-celland single-nucleus transcriptome data provide
anopportunity to map these relationships atafinescale, particularly as
cellidentities change throughout development’®. The second approach
is to consider protein-DNA interaction data, captured through direct
evidence from DAP-seq, chromatin immunopurification followed by

high-throughputsequencing (ChIP-seq) oryeast one-hybrid approaches
orindirectly by searching for sequence matches toaknown TFBS™", Of
these, only TF ChIP-seqevaluates TF binding within the native chromatin
context, albeit atlow throughput'’. DAP-seq has the advantage of captur-
ing potential binding locations independent of chromatin states and
also can characterize simultaneous binding of multiple TFs through the
newer double DAP-seq method”. Ultimately, combining these modali-
ties, by considering which TFs both bind DNA proximal to a target and
predictits expression, can better resolve GRNs? %,

Other genome-wide epigenomic data can narrow down regu-
latory regions of DNA, including those obtained from assay for
transposase-accessible chromatin with sequencing (ATAC-seq)**. This
approach identifies open chromatin regions that often coincide with
functional TFBSs and has been widely implemented at the single-cell
level”. ChIP-seq recognizes histone modifications on nucleosomesin
genicregionsand canalsoindicate active or repressed transcriptional
states®*?. A frontier is to identify pioneer TFs, which initiate changes
in chromatin state, to refine cause-or-consequence relationships
with chromatin accessibility and TF binding. An example is LEAFY,
which controls the vegetative-to-reproductive growth transitionin the
Arabidopsis shoot meristem by binding to nucleosomal DNA and
recruiting chromatin modifiers**%, Systematic identification of this
special class of TFs with pioneer activity, which has begun in mam-
malian systems®®, will ultimately enhance understanding of GRNs.

Architecture of GRNs

The inherent structure of networks can reveal their function (Fig. 1).
Network motifs, specific patterns of connections between asubset of
nodes, can play specific rolesininformation processing. For example,
the feedforward loop network motif is one way through which three
nodes canbe connected in anetwork. As characterized in bacteriaand
yeast, anincoherent feedforward loop consisting of an activator, repres-
sorand target (Fig. 1b) canserve as a pulse generator; if an external cue
activates A, Cwill be activated until Bis transcribed and translated to
then repress C*' (Fig. 1c). Coherent feedforward loops (protein A acti-
vates B; Aand B activate C) can conversely serve as ‘persistence detec-
tors’inwhich the signal activating Amust remain at or above a certain
threshold to ensure that the synthesis of Bis sufficient to activate C. This
persistence phenomenon can be importantin cell fate commitment:
feedforward loops are abundant in the regulation of xylem develop-
ment, the vascular tissue that transports water and nutrients fromthe
rootsystemto the body of the plant®2. The TF VASCULAR-RELATED NAC
DOMAIN 7 participatesinmore than one of these feedforward loops and
issufficient to activate bistable switch behavior in committing cells to
xylemidentity in Arabidopsis®, consistent with the persistence detec-
tor function of feedforward loops. Globally, enrichment or depletion
of certain network motifs is a hallmark of biological networks. In fact,
human cell type-specific GRNs share similar patterns of motif enrich-
ment and depletion with networks that map neuronal connectivity in
Caenorhabditis elegans™.

Time is often critical to the function of GRNs. The core circadian
clock GRNis anegative feedbackloop composed of the partially redun-
dant MYB TFs CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1) and LATE
ELONGATED HYPOCOTYL (LHY) that activate the regulator TIMING
OF CABEXPRESSION1(TOC1) to subsequently repress CCAland LHY™.
This module acts as a time-sensitive gatekeeper to permit or restrict
activity of GRNs across day cycles. For many genes, the magnitude of
response to heat varies by time of day**. Onafiner time scale, cascades
(successive activation of TFs) in GRNs temporally tune responses
to nitrogen availability in Arabidopsis. Here, by fine-scale transcrip-
tional profiling, TFBS enrichment analysis and GRN construction, a
transcriptional regulatory hierarchy that cascades within 2 h could
be established®. Another example of transience is the TF bZIP1, which
regulates many more genes in response to nitrogen than it stably binds
to. Working by so-called ‘hit-and-run’, it transiently interacts with a
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cis-element to promote transcription, while licensing the promoter
for activity by other TFs that bind to co-occurring TFBSs*®. Transient
response networks are likely to be essential for tuning responses to
external cues.

Often, predicted networks contain a large number of TFs, and
further analysis is necessary to identify which are the most crucial
components. Network motifs enriched in biological systems have been
used toidentify important regulators in plants by prioritizing TFs that
participate more frequently in motifs with functional importance®.
Other network science approaches can be implemented to identify
important nodes of global GRNs. For example, driver TFs were pre-
dicted using the PageRank algorithm*’ in amouse embryo network®.
This method, developed to prioritize search engine results, involves
computationally reassigning weight along edges in a network (in the
case of websites, hyperlinks; for GRNs, TF-target gene interactions).
Byinitializing the network with expression values and then running the
PageRank algorithm, TFs with more connections to expressed genes
receive higher PageRank scores and TFs upstream of those TFsreceive
even higher PageRank scores* (Fig. 1d). This method was applied to pre-
dictkey regulators of xylem developmentinrice, recovering orthologs
tomany key regulators from Arabidopsis*. If we assume that the archi-
tecture of GRNs enables their functionin developmental and response
regulation, this canguide the functional identification of regulators of
phenotypes. Also, the types of network structures (motifs) that control
different developmental or response programs can guide efforts to
rewire and augment these networks in a desired manner.

GRN conservation and variationin the plant
kingdom
While plants display an immense diversity of form and function,
the gene regulatory grammar underlying the networks that encode
this variation is generally conserved. A core concept of evolutionary
developmentalbiology is that the presence or absence of cis-elements,
largely TFBSs, is more mutable than genes themselves and that TFs
are a toolkit, the spatiotemporal deployment of which contributes
to morphological variation across organisms***. Studies defining
generegulatory programs across land plant species reinforce the tenet
discovered in animals that cognate TFBSs of homologous TFs across
species tend to be conserved', and the repertoire of TFBSs deployed
across plant genomes is largely similar*’. These conserved parts are
likely deployed in similar contexts, with transcriptomes of specific land
plant organs showing conserved identity, although to varying degrees,
depending onthe organ and species*®. This conservation may highlight
constrained steps in development where conservation is deeper, such
asinthe development of grass inflorescences* and root meristems*.
The conserved toolkit of GRN parts enables the application of common
approaches across species to study and compare GRNs, the extensive
diversification of which mirrors the diversity of plant forms.
Differences in the deployment of key regulatory TFs can explain
differences in developmental forms (Fig. 2a). A TF and its targets can
bereferredtoasa‘regulon’. Aregulon can be partially or entirely con-
served, but differencesinthe expressionand location of the TF control-
ling it can drive major changes. While Arabidopsis develops only one
layer of cortex cellsinits roots, most grasses develop several (Fig. 2b).
Akey regulator of this processis SHORTROOT (SHR), amember of the
GRAS TF family*. In Arabidopsis, SHR moves one cell layer outward
fromitssite of synthesisin the stele to the endodermis toregulate the
division and identity of the endodermis and the cortex. By mapping
the activity of orthologous genes in maize roots by single-cell RNA
sequencing and use of transcriptional and translational reporters, it
was shown that SHRI is transcribed in the root endodermis and the
protein then moves outward through the cortical cell layers toward the
epidermis®. Mutants in these genes inboth maize and the grass Setaria
viridis have fewer cortical cell layers than wild type, suggesting that the
differences seenin the transcriptional domain and subsequent protein

localization for SHR in these plants contribute to the morphological
differences observed in these species®.

Another example of varied regulon deployment is the transcrip-
tional network driving suberin biosynthesis (Fig. 2c). Suberinis a waxy
polymer deposited into the cell wall that provides a diffusion barrier
and plays animportant role in plant-environment interactions®*%. In
Arabidopsisroots, suberinis deposited in the endodermis andis regu-
lated by aredundant set of MYB family TFs*>. Tomato lacks a suberized
endodermis but instead forms a suberized exodermis, a subspecial-
ized outer cortex layer®. Its suberin biosynthesis genes are expressed
in the exodermis and not in the endodermis and possess promoters
enriched for MYB TFBSs, indicative that homologous MYBs, also pref-
erentially expressed in the exodermis, regulate this suberization*s>*,
This provides an example of transcriptional regulators maintaining
conserved target genes. Other suberization patterns exist, including
inrice, which has a suberized endodermis and an environmentally
dependent suberized exodermis*>*, likely also due to varied deploy-
ment of MYB regulons. Indeed, regulator redeployment to new cell
types may be a common mode of cellular divergence across species.
Using single-cell and single-nucleus RNA sequencing followed by GRN
inference in the grasses maize, S. viridis and sorghum, 15 regulons
showed the same cell type specificity in all three species, whereas 50
regulons had swapped cell types®. An example is a mucilage-related
gene regulon repurposed for expression in the maize columella from
ancestral expressionin the cortex.

Another example of regulator redeployment occursin the devel-
opment of nodules, root organs in legumes that enable symbiosis
with nitrogen-fixing bacteria. In both Medicago truncatula and Lotus

Jjaponicus, the symbiosis signaling pathway converges on the lateral

root development regulatory LATERAL ORGAN BOUNDARY (LOB)
domain TFLBD16°"** (Fig. 2d). First characterized in Arabidopsis, AUXIN
RESPONSE FACTOR TFs promote LBD16 expression toregulate lateral
root formation®. In an innovation specific to nodule formation, the
symbiosis-driven TF NODULE INCEPTION (NIN) also activates LBD16,
driving a GRN that promotes cell proliferation®%. In this case, rede-
ployment of the regulator might be a preferable mode of adaptation,
because repurposing of the program for lateral root initiation produces
anoutput thatonly required modest tuning to give rise tonodulation,
which suggests that this rewiring could be reproduced to engineer this
symbiosis in non-legumes.

Variation is not limited to the redeployment of regulators. GRN
rewiring also involves cis-regulatory changes for target genes. For
example, C4 photosynthesis has evolved repeatedly as a mode of
higher-efficiency carbon fixation under lower atmospheric CO, con-
centrations from ancestral C3 photosynthesis species®. In C3 plants,
carbon fixation occurs predominantly in mesophyll cells; however,
the enzyme RuBisCO, which incorporates CO,, also reacts with O, in
photorespiration, limiting the capacity to fix carbon®. In C4 plants,
this carboxylation reaction is located in adjacent bundle sheath cells,
and ametabolic ‘pump’ concentrates CO, in these cells, reducing photo-
respiration®®. This metabolic compartmentation necessitated specific
spatial patterning of photosynthesis gene expression not found in the
ancestral state®® (Fig. 2e). While many modes of regulatory evolution
might produce this novel partitioning, recent evidence suggests that
target genes within C4 grass species acquired or lost TFBSs that placed
them under regulation of TFs for which cell type-specific expression
is conserved. One key TF family implicated in regulation of photosyn-
theticgenesacross speciesis the GOLDEN2-LIKE (GLK) TFs®. Initially, it
appeared that duplication and subfunctionalization of these MYB TFs
contributed to C4 evolution; however, recent analysis of glk mutants and
complementation lines in S. viridis suggests that both GLK1 and GLK2
retain ancestral function®. TF binding across two eudicot and three
monocotspecies indicates that very few GLK-bound targets are highly
conserved, demonstrating widespread cis-regulatory rewiring®>. More
recent studiesresolved gene activity through single-nucleus ATAC-seq

Nature Genetics


http://www.nature.com/naturegenetics

Review article

https://doi.org/10.1038/s41588-024-01806-7

Auxin Symbiosis

signaling

Legume
Conserved (LBD16) innovation
Lateral root Nodule

Arabidopsis Tomato

() Suberized cell
expressing MYB TFs

— D
Endodermis
A4

Exodermis

Flooding adapted

Dryland adapted Arabidopsis (salt sensitive)

a b c
Changes Arabidopsis Maize
upstream
of key TF Endodermis rCortex Endodermis WCortex
SHR transcription
SHR protein accumulation
000 e f
Changes
down%tream - @%@%%74@? p A
of key TF //@ // 'l \‘
Y 7 . g
2% o
C3rice C4 sorghum
DOFs DOFs

o9 @
Light reactions

@ Calvin cycle
Bundle sheath

Fig.2|Modes of GRN evolution that drive variation in development and
environmental plasticity. a, Changes to GRNs can either have consequences
upstream, such as redeployment of regulators (b-d) of key TFs, or downstream,
forexample, cis-regulatory changes of targets (e-g). b, Redeployment of the

TF SHR in maize contributes to the development of additional root cortical cell
layers. ¢, Redeployment of MYB TFs from the root endodermis to the exodermis
of'the tomato contributes to the function of barrier layers in controlling the flow
of water and nutrients into the plant.d, Lateral root transcriptional programming
by TFs that mediate the regulation of auxin signaling via AUXIN RESPONSE
FACTORS (ARFs) and symbiosis via NIN converges on the TF LATERAL ORGAN
BOUNDARY DOMAIN 16 (LBD16), which is repurposed for nodulation in legumes.
e, C4 species such as sorghum express distinct photosynthetic gene programs for
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light reactions in the mesophyll and the Calvin cycle in the bundle sheath, while,
in C3 plants, all photosynthetic programs occur in the mesophyll. Conserved
bundle sheath TFs, such as DNA BINDING WITH ONE FINGER (DOF), activate one
setof genesin C3rice (light blue circles) and a different setin C4 sorghum, which
facilitates distinct metabolic programs (brown circles). f, Networks of genes
upregulated by short-term submergence under the control of group VIIERF TFs
across species, with more widespread regulation in flooding-adapted rice”. Each
node represents two targets. g, ABA RESPONSE FACTOR (ABF) TFs are conserved
in Arabidopsis thaliana and Schrenkiella parvula, a salt-tolerant relative. In
Arabidopsis, these TFs activate auxin biosynthesis genes (brown circles), which
increase auxin levels and reduce growth, while, in S. parvula, the ABFs do not
regulate auxin biosynthesis, allowing growth to be maintained.

and RNA sequencing in C3 and C4 grasses to provide the clearest evi-
dence to date of cis-regulatory rewiring in C4 evolution®*“*. Both studies
identified DNA BINDING WITH ONE FINGER (DOF) TFs as key drivers of
bundle sheath expression; however, bundle sheath transcriptomes of
C3riceand C4 sorghumwere the most divergent of all cell types®. These
data demonstrate that remodeling of cis-regulatory regions aided the
evolutionof C4 photosynthesis, a crucialunderstanding that may enable
engineering more efficient C4 metabolisminto C3 cropsincludingrice.

Cis-regulatory wiring not only contributes to inherent physiologi-
cal differences between species, it is also important in the context of
environmental responses. For example, a short-term early submer-
genceresponse network orchestrated by conserved sets of TFs across
species is distinct in flooding-adapted rice, which was domesticated
from semi-aquatic progenitors. Inthe conserved response network of
rice, Medicago, domesticated tomato and dryland-adapted Solanum
pennellii, rice relies more on the group VIl ETHYLENE RESPONSE
FACTOR (ERF) TFs that bind hypoxia-responsive promoter elements
(HRPEs)***’ (Fig. 2f). Responsive genes in rice show greater increases
in the accessibility of TFBSs and concomitantly stronger transcrip-
tional induction than in the less flooding-adapted Medicago®. One
consequence of long-term submergence in rice roots is a cessation
of cell division in root meristem cells until desubmergence*?, but any

connection to the short-term hypoxia-response network involved
in controlling central carbon and anaerobic metabolism is not yet
defined at the GRN level. Ultimately, expanding the HRPE network in
flooding-intolerant crops could help reduce yield losses due to floods.

Osmotic stress adaptation is another example for cis-regulatory
rewiring. Looking across Brassicaceae, the salt-resilient extremo-
phile Schrenkiella parvula responds to abscisic acid (ABA), the hor-
mone crucial for the response to desiccation or osmotic stress, not
by reducing root growth, as expected from the model Arabidopsis,
but rather with increased root growth®. A DAP-seq approach deter-
mined that ABA-response element (ABRE)-BINDING FACTOR (ABF)
TFs that directly respond to ABA signaling and their target TFBSs are
conserved across the species examined. Notably, sequence changes
in cis-regulatory regions were found to contribute to interspecies
differences in response (Fig. 2g). In Arabidopsis, ABFs activate auxin
biosynthesis and signaling, which suppresses root growth. By contrast,
S. parvula haslost ABF bindingin the promoters of many auxin genes,
resulting inreduced auxin signaling and maintained root growth®. This
illustrates that cis-regulatory variations can confer opposed outcomes
that impact development across species and suggests that targeted
modification of TF activity in cis or trans might help promote growth
of crops in extreme environments.
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Synthetic biology for plant GRN manipulation
Plant biotechnology exploded with the advent of Agrobacterium-
mediated and tissue bombardment methods to insert engineered
genes randomly in the plant nuclear genome. These technologies
are sufficient to manipulate plant GRNs. Chimeric promoter-coding
sequence fusions can add new nodes under specific cellular or condi-
tional regulation. If the coding sequence used encodes a TF, anew node
can target downstream native components of the network. Constitu-
tive overexpression of TFs has contributed to crop improvement® ",
butsometimes it may be more desirable to exert spatiotemporal con-
trol. For example, driving MYB and bHLH TFs from snapdragon with a
fruit-specific promoter activated anthocyanin biosynthesis intomato
fruits, turning them purple and enriching their nutritional quality’.
Recentdevelopmentsinsyntheticbiology greatly expand the capacity
togenerate large, multi-gene cassettes made of modular parts, making
more complex additions to the genome possible”.

Introduction of orthogonal (unreactive with native compo-
nents) and synthetic (new-to-nature) parts into plants to form GRNs
is well established. The earliest in planta demonstration used the
GAL4 TF fromyeast and its corresponding TFBS (upstream activation
sequence)’; by coexpressing GAL4 under an endogenous cell type- or
condition-specific promoter, asecond gene with upstreamactivation
sequence cis-elements could be spatiotemporally controlled. The
current repertoires of orthogonal and synthetic TF and promoter
combinationsinclude tunable expression” and synthetic repression™.
These tools enable engineering of logic gates, systems that respond
specifically and predictably to the presence or absence of multiple
inputs. By using logic gates based on arecombinase or integrase sys-
tem, inputs can activate stable genetic changes within somatic cells””%,
Additionally, one- or two-input logic gates using specific protein-DNA
combinations canact transiently. Single-input BUFFER gate promoters,
which contain operators (bacterial TFBSs) with varied affinity for the
synthetic TF AmtR-VP16 were used to drive varied levels of transcrip-
tion of solitary root (slr) in lateral root meristem cells in Arabidopsis™
(Fig. 3). Gain-of-function mutations of SLR like slr-I result in primary
roots that lack lateral roots, along with pleiotropic effects in primary
root growth, hair development and gravitropism®’. These phenotypes
were avoided by limiting sir-1 transcription to the pericycle and lateral
root meristems. In this manner, quantitative tuning of SLR yielded
phenotypic variation in lateral root density’, elegantly engineering
gene regulatory circuitry to control plant form.

CRISPR~-Cas systems also present a fertile opportunity to create
synthetic TFsin plants. Using a deactivated Cas9 (dCas9) protein fused
to activation or repression domains, transcriptional repression or
activation can be recruited to specific endogenous genes by target-
ing with guide RNAs (gRNAs) to tune transcription®. Because gRNAs
canbe transcribed in arrays, a single construct can be used for dCas9
activation of a suite of target genes®'.

These orthogonal systems rely on endogenous promoters; yet few
of these promoters are well characterized, and they all are restricted
to the existing sequence space and spatiotemporal patterning. Also,
promoter sequences can be quite large (>2 kb) and cumbersome
for engineering. Synthetic promoters that recruit endogenous TFs
thus can expand the repertoire of promoters available to engineers.
One approachis to leverage known cis-elements or TFBSs upstream
of a minimal promoter that are known to recruit a single TF family
under a specific condition. This approach has enabled the design of
auxin-responsive DRS®, ABA-responsive 6XxABRE®*, hypoxia-responsive
3xHRPE*® and general stress-responsive 4XxRSRE®* promoters. A pow-
erful approach may be to include more varied TFBSs in a synthetic
promoter owing to their cooperativity by combining TFBSs from dif-
ferent TF families to achieve higher levels of transcription than an
equal number of TFBSs from a single family. This strategy of combining
TFBSs has already produced constitutive or near-constitutive synthetic
promoters with predictable strengths®.

The throughputin measuring promoter activity is alimiting factor
for assessing promoter function. STARR-seq (self-transcribing active
regulatory region sequencing) and similar ‘massively parallel reporter
assays™*®have helped generate informative data for synthetic promoter
design. Inthe application of STARR-seq to plants, the enhancer activity
of DNA sequences is measured for a library of fragments cloned into
the promoter region of areporter construct, transfected into proto-
plasts or Nicotiana benthamiana leaves, before the capacity of the
fragments to promote transcription is quantified by RNA sequencing
of transcribed barcodes¥. In this manner, the enhancer activity of all
core promoters of Arabidopsis and maize genes could be quantified,
and subsequent machine learning models were used to design syn-
thetic minimal promoters with predictable strengths®®. However, to
date, these approaches have measured bulk rather than cell-specific
transcription, and more work is needed to design promoters withboth
predictable spatiotemporal activity and strength. As an example, a
cell type-specific enhancer design was achieved with machine learn-
ing approaches that built on single-cell ATAC-seq data in animals®>*°,
It will be valuable to evaluate whether these approaches are also
effective in plants to finetune beneficial phenotypes.

Manipulating GRNs through gene editing
CRISPR-Cas canbe used to manipulate GRNs through loss-of-function
mutationsinthegenebody or mutationsinthe promoter. Double-strand
breaksandresultantindelsinduced in the coding region of a TF gene can
remove a node from the network entirely. Currently, loss-of-function
mutagenesisis animprecise but useful tool for genetic study, compli-
cated by gene redundancy and undesired pleiotropic consequences.
Therefore, it can be more desirable to tune the expression of a TF or
other target genes in cis (Fig. 3b). In tomato, the peptide CLAVATA3
(SICLV3) provides a negative feedback loop to restrict the domain of
the cell proliferation-promoting TF WUSCHEL (WUS) in shoot mer-
istems®’. Scanning mutagenesis of the SICLV3 promoter with tiled
CRISPR-Cas9 gRNAs generated alleles with variable-sized deletions
and inversions. These conferred a spectrum of SICLV3 expression in
the floral meristem, with reductions allowing higher WUS expression
and more meristem cell proliferation, resulting in a larger fruit with
more locules’” (Fig. 3¢c). While the full set of TFs regulating SICLV3 s
notknown, some of the deletions almost certainly resulted in the loss
of regulation by specific TFs.

CRISPR-Cas-mediated promoter editing hasbeen usedinanum-
ber of subsequent studies, some of which leveraged information on
chromatin accessibility in the selection of promoter regions for tar-
geting. Targeted deletion of the promoter region of IDEAL PLANT
ARCHITECTURE 1 (IPA1) inrice ultimately demonstrated that the dele-
tion of a single edge of a GRN can improve crop productivity®’. Here,
the authors started from the knowledge that gain-of-function alleles
of IPA1 that eliminate microRNA targeting and broadly increase mRNA
levels confer large panicles and higher yield but reduce tillering®°.
By tiling the /PAI promoter with CRISPR-Cas9 gRNAs, deletions were
identified that promote elevated mRNA in the young panicle but notin
theshoot base wheretillers originate®. These conferred advantageous
large panicles without the tradeoff of reduced tillers. Identification of
the binding site for the TF AWNLESSI1 (AN1) within the deleted region
prompted demonstration by transactivation assays that AN1binds this
region of the /PA1 promoter to limit its transcription® (Fig. 3d). Another
ricestudy targeting genesinvolvedin grainand plant architecture traits
used a predictive framework based on sequence content, chromatin
stateand evolutionary conservation to hone in onregulatory regions.
The authors then used Casl12a, which is more likely to generate large
deletions than Cas9, to generate agronomically relevant quantitative
trait variation”.

These pioneering studies screened deletions that were targeted
to broad regulatory regions, rather than precise TFBSs. Improve-
ments in editing technologies, greater knowledge of temporal and
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Fig.3|Synthetic biology and gene-editing approaches to network
manipulation. a, Synthetic gene circuits to generate quantitative trait variation.
The Arabidopsis GATA23 promoter (proGATA23) directs transcription of the
gene encoding the synthetic TF AmtR-VP16, a bacterial DNA-binding TetR family
protein fused to the VP16 transactivation domain from herpes simplex virus,

in lateral root meristems. By using variants of BUFFER gates (tools to reduce or
amplify the signal of aninput), promoters with one (1x) or two (2x) copies of the
AmtR operator sequence or a copy with various mutations (M1to M3), different
levels of transcription of sir-1, encoding adominant repressor of lateral root
emergence, areinduced. These levels give rise to quantitative variationsin lateral
root density. WT, wild type. b, Use of genome editing for network manipulation,
exemplified here with a general strategy to generate cis-regulatory variation by

IPA1T— Tillering

using CRISPR-Cas9. gRNA species distributed across the promoter are delivered
into plants together with Cas9 for gene editing. The resulting genotypes with
insertions, deletions or inversions in regulatory regions can giverise to either
gainor loss of regulation by TFs, altering transcription of the target gene.

¢, CRISPR-Cas9-mediated gene editing of SICLV3 results in a variation in tomato
fruitsize, proportional to the reduction in the level of SICLV3. d, Gene editing of
IPAIinrice increases panicle size without pleiotropic reductionsin tillering. IPA1
is expressed in the shoot base, where it represses the formation of new branches
calledtillers. Itis also expressed in the young panicle, where it promotes
proliferation and therefore yield. /PA-Pro10, CRISPR mutant with adeletion in the
IPAI promoter thatincludes a binding site for the TF AN1. Removal of this GRN
edge promotes elevated IPA1 expression in the panicle but notin the shoot base.

celltype-specific chromatinaccessibility and GRN modeling combining
omicdatatypesshould enhance the prediction of the cis-elements that
contribute to the spatial distribution, timing and amplitude of tran-
scription and thus their editing. These could also help to predict which
TFBSs could beinserted, and at which locations, to have a consequential
effect ontranscription. Thislevel of control may be required to expand
quantitative trait variation beyond that of extant germplasm or species,
which could be essential for fitness under climate change, which creates
environments at the extremes of species’ adaptive ranges.

The path forward

Advancements in plant functional genomics, single-cell biology and
modeling will continue to define and refine GRNs. As these technologies
become more commonplace, biologists will be able to map out the genes
and networks underlying the variation seen across the plant kingdom.
Studying how diverse species make developmental and physiologi-
cal determinations in the natural environment or diverse agricultural
ecosystems can help inform engineering of crops for the breadth of
desirabletraits, frombiomass and yield to sustainability and nutrition.

The pioneering work described here provides aroadmap torewir-
ing genetic circuitry with specific goalsin mind. First, phenotypic vari-
ation across or within species for a trait of interest is identified. Next,
using advanced omic techniques, GRNs underlying those traits are
predicted, before the structure, variation and conservation of network
components is exploited toidentify changes necessary for the desired
phenotype. Finally, synthetic biology and gene editing are deployed
to achieve effective rewiring of gene circuitry.

While such an approach is entirely possible now, advancements
areimperative. First, our understanding of plant phenotypic diversity
across species at the GRN level is a frontier. Here, plant genetic engi-
neers can collaborate with botanists, physiologists and ecologists
to identify opportunities to further expand our knowledge of GRN
wiring. Thisshould include an equal and fair exchange with indigenous
scientists and stewards of native species, crops and landraces, which
provide opportunities to explore adaptive genetic strategies as well as
to apply engineering tools.

Second, despite advances in GRN modeling, the existing studies
have characterized either only small subsets or specific contexts of the
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potential GRN space. Further developmentsin modeling methods are
needed to generate comprehensive models of GRNs that include their
activity throughout daily circadian cycles and the overall life cycle of
the plant in natural, often stressful environments. In the future, as
omicresources expand across species, the rules of genome organiza-
tion and function might be defined to such an extent that GRNs canbe
confidently predicted from genome sequence alone. Inthe meantime,
target gene (rather than TF)-focused molecular approaches to query
the cohort of TFs and TFBSs that regulate a gene of interest®® could
provide invaluable information for engineering traits.

Finally, tools to rewire genetic circuitry must expand to allow
precise and targeted changes without the need for cumbersome trans-
formation and selection methods. For cis-regulatory regions, improve-
ments in GRN modeling could guide targeted insertion or deletion of
TFBSs with predictable impacts on gene activity, and improvements
inediting technologies could deploy widespread GRN rewiring across
greater numbers of geneticlociin parallel. For synthetic cis-regulatory
sequences that could be designed with additional advances, atransgene
couldbeactivated with predictable cell type, environment and strength
characteristics, purely by recruiting endogenous factors; for now,
the synthetic tools that are available allow engineers to modulate one
or more inputs through a synthetic circuit. Lastly, it is important to
acknowledge that transcriptional regulation is not the only mode of
control of gene activity, let alone phenotype. Factors and features
that control DNA methylation, chromatin structure, and all cotran-
scriptional and post-transcriptional steps of RNA biology, including
mRNA modification, maturation, translation, sequestration, decay
andregulation by long noncoding and microRNAs, areimportantand
provide additional engineering opportunities.

In sum, the application of plant functional genomics for gene
regulatory circuitry discovery, along with new developmentsin genetic
engineering and synthetic biology, provide valuable opportunities
for plant scientists and engineers to meaningfully and expeditiously
contribute to solving the grand challenges of our time.
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