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Auxin biology as a field has been at the forefront of advances in delineating the structures,
dynamics, and control of plant growth networks. Advances have been enabled by combining
the complementary fields of top-down, holistic systems biology and bottom-up, build-to-
understand synthetic biology. Continued collaboration between these approaches will
facilitate our understanding of and ability to engineer auxin’s control of plant growth, devel-
opment, and physiology. There is a need for the application of similar complementary ap-
proaches to improving equity and justice through analysis and redesign of the human systems

in which this research is undertaken.

early 20 years ago, Hiroaki Kitano pub-

lished an article entitled “Systems Biology:
A Brief Overview” (Kitano 2002). His conceptu-
alization and articulation of the urgent need to
“examine the structure and dynamics of cellular
and organismal function” remains a major goal
of molecular biology, biochemistry, develop-
ment, and physiology. What would it mean to
have “a continuous spectrum of knowledge” of
plants from molecular/biochemical/biophysical
details to signaling networks to intracellular
communication to multicell phenomena to in-
terorgan coordination to ecology? Kitano de-
scribed four major domains of inquiry in pursuit
of this awesome vision: (1) system structures,
integrated maps that connect experimentally
validated information like gene regulatory net-
works and biochemical pathways to the physical
properties of individual cells and higher order

assemblages; (2) system dynamics, comprehen-
sive quantitative models of how system struc-
tures change over time in response to a variety
of stimuli; (3) system control, a fully annotated
dynamical model that is able to predict which
interventions will be able to shift behavior of
the system to meet distinct sets of specifications;
and (4) system design, an automated process for
constructing biological systems via well-articu-
lated principles and simulation (Fig. 1). The in-
tervening decades have seen remarkable achieve-
ments in the first two of these aims, largely under
the umbrella of systems biology, but the second
two have been more of a challenge. Synthetic
biology, or engineering biology (Engineering Bi-
ology Research Consortium 2019), has in many
ways emerged as a field to fill this gap. The decade
ahead will require a framework that enables
bridging between these two fields, a task that
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Figure 1. Kitano’s four proposed domains of inquiry. The network maps shown represent the four paths of
inquiry needed to build a continuous spectrum of knowledge from molecules to ecosystems. Structures represent
experimentally validated connectivity maps of biological processes and pathways. Dynamics capture quantita-
tively how network behaviors change over time, often in response to stimuli. Control uses techniques like
sensitivity analysis to identify which nodes in the network are best suited for engineering desired changes in
network performance (phenotype). Design synthesizes knowledge arising from the other three domains to
modify and construct novel biological systems with user-defined behaviors.

plant biologists are well positioned to pursue
(Rhee et al. 2019; Henkhaus et al. 2020; Leydon
et al. 2020).

In this review, we will lay out our operating
definitions of systems and synthetic biology. In
doing so, we will also provide examples of how
auxin biology has been at the forefront in ad-
vancing both fields. Finally, we will position re-
searchers themselves as a part of a system that
needs attention and study.

DEFINITIONS

One challenge to building bridges between the
disciplines of systems and synthetic biology is
philosophical. Systems biology can be rooted
in any one or all of three distinct lenses: meth-

odological, ontological, and epistemological
(Mazzocchi 2012). The first, methodological, is
really about how data are collected and modeled.
The ontological and epistemological lenses refer
respectively to which level(s) the researcher be-
lieves encode system function, and whether the
direction of causality for functions is unidirec-
tional across levels of organization. Fulvio Maz-
zocchi coined the term “pragmatic systems-bi-
ologist” as someone who can build and use tools
that prioritize capturing the function of the in-
tact system, while retaining membership in the
ontological and epistemological reductionist
camps that hold that the principles of chemistry
and physics can explain the phenomena ob-
served at higher orders (Mazzocchi 2012). In
contrast, a systems-theoretic biologist believes
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that the arrow of causality points in both direc-
tions. In other words, systems properties like
emergence and self-construction make biologi-
cal systems essentially non-Turing computable
(Mazzocchi 2012), which is a potentially serious
obstacle for a synthetic biologist to surmount.
Fortunately, physicists and computer scientists
have a head start on building reasonable con-
ceptual and pragmatic work-arounds for exactly
this problem (Cooper 2012; Grozinger et al.
2019). Perhaps the most important takeaway
from full-on systems theory is the clarion call
to explicitly state the assumptions underlying
data acquisition and their interpretation and
acknowledge what is missing or unmeasurable.
Although Mazzocchi might not consider it a
desirable state, we would argue that the “prag-
matic systems-biologist” is an ideal vantage
point from which to blend systems and synthetic
biology approaches (Table 1).

Synthetic biology can be defined as the ap-
plication of engineering design principles to bi-
ological systems, particularly the model-based
design-build-test-learn cycle (Pouvreau et al.
2018). Synthetic biology is often associated
with the translation of biological knowledge
for applications of human value. However, the
bottom-up, build-to-understand approach has
perhaps made its greatest impact in improving
our understanding of biology (Elowitz and Lim
2010; Church et al. 2014). The undeniably, un-

Table 1. A useful but oversimplified guide to differ-
ences between systems and synthetic biology

Biology
type Scope Objective
Systems  Organismal, Behavior
integration of characterization,
multilevel and causal
diverse types of mechanisms,
networks, predictive
holistic modeling
Synthetic ~ Gene circuits, Parts
subnetworks, characterization,
modules, engineered
reductionist behavior,
predictive
modeling, model-
guided design

Systems and Synthetic Biology of Auxin

abashedly artificial methodology of synthetic bi-
ology thus plays multiple useful roles as a com-
panion with systems approaches. Echoing the
strengths of systems theory, synthetic biology
approaches also force the researcher to articulate
assumptions in the design of the experiment,
and frequently reveal gaps in knowledge. Con-
fronted with these gaps, the synthetic biologist
can continue to mine the system for additional
parts and interactions, thereby testing both
methodological and epistemological reduction-
ism. Attempts to engineer the intensity, place-
ment, and mode of feedback, for example, in
synthetic and natural systems has produced crit-
ical insights into highly desirable qualities of
engineered systems like stability and multicell
coordination (Chen 2013).

USING SYSTEMS AND SYNTHETIC
BIOLOGY TO IDENTIFY CONTROL AND
LEARN TO DESIGN

Control is critical to biological systems. Plants
must remain at least moderately in control of the
chaos of thermodynamic equilibrium to extract
work, organize and build their fractal structures,
and operate molecular machinery to ensure
their survival. A control system, or controller,
can be defined as a mathematical function that
calculates an output that drives the system closer
to the set point or goal value of the system, based
on an input value that is typically the difference
between the current state of the system and the
desired set point (Baetica et al. 2019). For exam-
ple, the simple temperature controller in an oven
turns on a heating element whenever the actual
temperature falls below the set point tempera-
ture and turns the element off when the temper-
ature rises above the set point. In a biological
system example, we can think about the expres-
sion level of a gene critical for maintenance of
cellular identity as being the system state (Fig. 2).
In many cases, a biological controller composed
of intertwined metabolic and gene regulatory
networks will detect whether this gene deviates
from the average expression level required for
maintenance of cellular identity and correct its
expression. To be a good controller that main-
tains the set point without significant oscilla-
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Figure 2. A useful but oversimplified introduction to control in biological systems. The dynamics of a system
(dark, solid lines) are regulated by a controller with the aim of maintaining a set point (lighter, dashed lines).
The controller modulates the system by applying corrections to the system input (thin, dark, dashed lines),
which are calculated based on various functions of the difference between the system and set point values

(lightest lines and fill).

tions, rapidly yet smoothly returning to the set
point after perturbation, the driving function
must integrate the previous behavior of the sys-
tem and be an accurate predictor of the future
behavior or dynamics of a system (Chevalier
et al. 2019; Whitby et al. 2021).

So how do we go about understanding con-
trol in biological systems? We do it largely in the
same way we tune engineered control systems,
by tinkering. In tuning a slightly more complex
controller than in a typical oven—a controller
that regulates the intensity of the heating ele-
ment instead of simply turning it on or off, or
the controller for the cruise control in a car—
there are generally three “tuning knobs” or pa-
rameters engineers tinker with to optimize a
controller’s ability to swiftly and accurately re-
turn to the set point temperature or speed in our
examples after perturbation (Fig. 2). The first of
these tuning knobs drives the heating element

or accelerator proportionally to the difference
between the current and the set point values.
However, proportional control alone, similar
to on-off logic, only enacts control when there
is a difference between the set point and current
values. Proportional control alone therefore
leads to some consistent error around the set
point. The second tuning knob, integral control,
solves this problem of consistent error by sum-
ming the error between the actual and set point
values over a period of time and adjusting ac-
cordingly. So small deviations from the set point
over time gradually affect stronger responses in
integral control. In this way, integral control
takes into account the history of the system.
The third mode of control in built systems, de-
rivative control, takes into account the future of
the system by including the rate of change of the
system’s deviation from the set point. Derivative
control therefore provides information about
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how fast a system is returning to its set point and
prevents the system from overshooting this set
point by adjusting the control proportionally to
the rate of approach.

Unlike the temperature controller in an
oven, which has a clear, human-engineered
goal of maintaining the set point temperature
by implementing a simple on-off logic, control-
lers in biological systems often operate at vastly
different temporal and spatial scales from the
organismal “goal” of fitness, or in the case of
domesticated organisms, their value to humans.
At many scales across biology, it is unclear what
the goal is, or more appropriately, the set point
of these biological controllers. Even the most
complex engineered systems are built upon logic
that is orders of magnitude less complex than
biological systems. After all, “evolution is a tin-
kerer, not an engineer” (Jacob 1977; Oster and
Rocklin 1979). However, this comparison is still
useful in introducing the concepts of control in
biological systems (more mathematically de-
tailed comparison can be found in Del Vecchio
et al. 2016, Chevalier et al. 2019, and Whitby
et al. 2021).

Forauxin, “the specificity in the system is not
in the signal but in the cells that perceive it”
(Leyser 2018). It may be tempting to consider
auxin itself as the system being controlled, but
auxin is most often the signal communicating
the difference between the current state and set
point of gene expression (Roosjen et al. 2018). In
the context of feedback, the lines between the
controller and controlled are blurred. Auxin’s
ability to regulate its own transport and metab-
olism is an integral part of the controller’s func-
tion by generating negative feedback to reject
noise and maintain signaling and cellular ho-
meostasis as well as positive feedback to drive
changes in the set point, signaling behavior,
and cellular identity (Casanova-Saez and Vof3
2019; Semeradova et al. 2020). So, to understand
auxin signaling as a control system we need to
answer the question, what is the set point of
auxin signaling? What does auxin signaling con-
trol? The answer to this question depends upon
the scope of the system we wish to understand,
that is, the specific cells, tissues, or organs of
interest at particular times in development or

Systems and Synthetic Biology of Auxin

during their response to stimuli. At the cellular
level, auxin controls cell size, shape, growth axis,
and identity in coordination with other signals
and control systems. At the tissue and organ
levels, these cellular behaviors are integrated
into morphology and physiology. The nuclear
auxin controller calculates transcriptional activ-
ity of a significant fraction of the genomes of all
plants (Mutte etal. 2018). The set point for auxin
signaling may then be whatever rate of transcrip-
tion is needed to coordinate cell growth and di-
vision or higher-order outputs.

CONTROL AND DESIGN OF AUXIN
SIGNALING

Beyond its centrality to plant biology, auxin sig-
naling has the attractive feature of at once em-
bodying elegant simplicity (few parts comprise
a minimal pathway) and expansive complexity
(each component belongs to large gene families
and has multiple tuning knobs) (Leyser 2018).
We know more about how cells recognize and
respond to auxin than almost any other signal-
ing process. The nuclear auxin signaling path-
way is as stripped down as nuclear receptors are
in animals; yet, like nuclear receptors, it incor-
porates several highly conserved eukaryotic
functions such as ubiquitin-mediated degrada-
tion and transcriptional de-repression/activa-
tion. As described in great detail in other articles
in this collection, auxin-induced transcription is
mediated by dimerization of transcription fac-
tors called auxin response factors (ARFs). In low
auxin conditions, ARFs are repressed by inter-
action with proteins called Aux/IAAs that form
a bridge between the ARFs and TOPLESS
(TPL), a member of the Groucho/Tupl family
of corepressors. When auxin accumulates, it
facilitates a high-affinity interaction between
the Aux/IAA substrates and an auxin receptor
F-box protein. Interaction with the F-box brings
the substrate to an SCF-type E3 ubiquitin ligase,
leading to polyubiquitination and subsequent
degradation by the proteasome.

This simple architecture produces com-
plex behaviors through expression of different
complements of signaling components. In Ara-
bidopsis, for example, there are six auxin F-box
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receptors, 29 Aux/IAA substrates, and 23 ARF
transcription factors, each with its own produc-
tion/decay rate and relative affinity for other
components. Whereas it had been long hypoth-
esized that specificity in auxin responses were
conferred by different component combina-
tions, it has been impossible to rigorously test
this model in plants because of coexpression of
many family members in the same cell, and mul-
tilevel feedback on pathway components and
auxin itself. The number of accessory compo-
nents that are required make in vitro assays
impractical. An early plant synthetic biology ap-
plication was porting the few plant-specific
nuclear auxin signaling components into yeast
(Havens et al. 2012; Pierre-Jerome et al. 2014).
By tagging different components with fluorescent
reporters, time-lapse flow cytometry can be used
to quantify the dynamics of each part in user-
defined circuits. In addition, the inducibility of
the system with a small molecule that is readily
taken up by diverse eukaryotic cells with low tox-
icity makes auxin-induced degradation (AID)
and gene activation a desirable technology for
applications in nonplant cells. A similar “planti-
fied” yeast approach has now also been applied to
abscisic acid signaling (Ruschhaupt et al. 2019).
The synthetic dissection of the auxin path-
way in yeast is in many ways paralleled by the use
of “humanized” yeast to dissect the design prin-
ciples of the animal cell nuclear factor kB (NF-
«B) signaling pathway (Zhang et al. 2017). Sim-
ilar to auxin, the NF-xB pathway is a rapidly
activated signaling system that functions during
growth and development, and in animals has a
particularly key role in immune response. Ex-
tensive live-cell imaging, biochemical studies,
and computational modeling have revealed
NF-kB signaling to be an oscillator circuit with
time-delayed negative feedback. The negative
feedback loop consists of a transcription factor
(NF-«B family) and an inhibitor (IxB family). In
response to a signal, IxB is ubiquitinated and
degraded, releasing inhibition on NF-xB, which
can then up-regulate new IkBs to inhibit NF-
kBs, and the cycle goes on. Recently, Zhang
et al. (2017) reconstituted a minimal IxB/NF-
kB feedback loop in yeast cells and rewired it
into the yeast-mating pathway with the o factor

pheromone as an input. They successfully reca-
pitulated oscillatory NF-kB dynamics in single
cells, with a periodicity close to that observed in
mammalian cells but with sustained rather than
damped oscillations. Further, the simplified na-
ture of the system enabled quantitative explora-
tion of the relationship between oscillation
waveforms and parameters such as IxB degrada-
tion rate, which was found to tune the frequency
of oscillatory dynamics. NF-xB researchers are
also making headway in understanding how sig-
naling dynamics are “read-out” to generate spe-
cific transcriptional responses by using an inte-
grated platform that enables live-cell imaging of
NF-kB dynamics coupled with single-cell RNA-
seq to measure downstream transcriptional pro-
files associated with specific outputs (Lane et al.
2017). These approaches forge a path for future
auxin synthetic biology research seeking to con-
nect circuit function with context dependency
and evolutionary innovation.

Recently, the power of a systems biology ap-
proach to identifying control parameters in aux-
in signaling was highlighted in a study of how
cell division and growth are organized in the
shoot apical meristem of Arabidopsis (Galvan-
Ampudia et al. 2020). Synthetic reporters of aux-
in flux and signaling output were deployed to
generate a cellular resolution time course of aux-
in signaling during floral organ initiation. This
work revealed a mismatch between the measure-
ments of input (auxin flux) and output (auxin
signaling), demonstrating that how cells per-
ceive auxin is changing during the transition
from stem cell to floral organ progenitor. This
behavior is well known and makes sense in light
of the highly reticulated auxin signaling net-
work. An auxin stimulus may lead to degrada-
tion of extant Aux/IAAs and expression of other
Aux/IAAs and ARFs resulting in a different re-
sponse upon a second exposure to auxin. Thus,
auxin signaling and specifically the milieu of
auxin signaling proteins—TIR1/AFB receptors,
Aux/TAA substrate/repressors, and ARF tran-
scription factors—act as a cellular memory, re-
cording the previous states of auxin within the
cell. This approach also helped define the re-
sponsibility of WUSCHEL in modulating auxin
responses in the SAM stem cell niche (Ma et al.
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2019). WUS restrains the start of an auxin
signaling cascade that integrates geometry via
spatiotemporal differences in auxin flux and
perception contingent upon cellular histories
to organize floral organ initiation. In light of
our control example, WUS changes the set point
of the auxin controller. These works clearly
demonstrate a tenant of developmental signal-
ing: current and future signaling dynamics are
predicted by cell location and history. Perhaps
not surprisingly, these results also usher in near-
ly the identical question as the synthetic biology
studies described above: what duration of, or
changes in, auxin flux patterning are perceived
by the signaling pathway, and how is this signal
converted into transcriptional activation of spe-
cific genes? Are auxin signals encoded in the
frequency domain, the amplitude domain, or
both? How many channels are there on auxin
radio?

CASE STUDY: SYSTEMS AND SYNTHETIC
BIOLOGY APPROACHES APPLIED TO THE
Aux/IAAs

The story of understanding and now engineering
the auxin response is a fair encapsulation of the
history of technical innovations in modern plant
biology (Abel and Theologis 2010). Starting with
the first wave of molecular biology studies in the
mid-1980s, much of the focus has been on the
earliest auxin-induced transcripts (Walker and
Key 1982; Hagen and Guilfoyle 1985; Theologis
et al. 1985). The Aux/IAAs were among these
genes, and subsequent work led to the identifi-
cation of cis elements in their promoters that
conferred inducibility in response to auxin or
to treatment with inhibitors of translation (Bal-
lasetal. 1993). This second quality led to a model
in which auxin regulated a short-lived repressor
protein (Koshiba et al. 1995), a premise that was
eventually supported by cloning the genes affect-
ed in some of the first mutants isolated in the
then new model plant Arabidopsis (Rouse et al.
1998), and eventually in elegant in vitro bio-
chemical assays and crystallography that proved
that the Aux/IAAs themselves were coreceptors
for auxin (Dharmasiri et al. 2005; Kepinski and
Leyser 2005; Tan et al. 2007). Luciferase fusions

Systems and Synthetic Biology of Auxin

to Aux/IAAs were used to delimit the auxin de-
gron, and subsequently revealed a range of AID
rates among family members (Zenser et al. 2001;
Dreher et al. 2006). Aux/IA As were also used in
an early yeast two-hybrid study that identified
sequences in the carboxy terminus (now known
as a PB1 domain; Korasick et al. 2014) as inter-
action surfaces allowing for Aux/IAA and ARF
homo- and heterodimerization (Kim et al. 1997),
an experiment that has recently been repeated on
a larger scale (Vernoux et al. 2011). Synthetic
assays of Aux/IAA functions in yeast combined
with dynamic modeling demonstrated that deg-
radation rate is among the most effective tuning
knobs for altering downstream transcriptional
dynamics (Pierre-Jerome et al. 2014). This
Aux/TAA degradation tuning knob can be ad-
justed by varying sequences within the Aux/
IAAs (Dreher et al. 2006; Guseman et al. 2015;
Moss etal. 2015). In addition, natural or induced
variation in the TIR1/AFB receptors can also
impact degradation rate, and thus tune auxin
sensitivity (Havens et al. 2012; Yu et al. 2013;
Dezfulian et al. 2016; Wright et al. 2017; Ramos
Béez et al. 2020).

These observations collectively suggest a
model where the rate of auxin-induced Aux/
IAA turnover acts as a checkpoint or timer for
auxin-regulated developmental events. Evi-
dence in support of this model came from an
experiment analyzing transgenic plants express-
ing degradation rate variants of JAA 14, a crucial
determinant of lateral root initiation (Guseman
et al. 2015). Progression through the well-estab-
lished stages of lateral root development was
strongly correlated with the engineered rates of
IAA14 turnover. This straightforward result is
unexpected given the multiple levels of feedback
within the auxin pathway, which might be pre-
dicted to provide a strong buffering effect. This
work led to a hypothesis that Aux/IAAs are aux-
in-initiated timers that synchronize develop-
mental transitions. Additional support for this
idea came from work connecting light percep-
tion to lateral root initiation, where the authors
present a quantitative model whereby AID of
Aux/IAAs allows for on-the-fly environmental
resetting of developmental timing (Kircher and
Schopfer 2018).
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AID of Aux/TAAs has also fueled the devel-
opment of a number of new technologies. In
recent years, there has been widespread adop-
tion of AID using different portions of Aux/TAA
degrons as fusion tags to allow inducible degra-
dation of proteins of interest in a wide array of
nonplant organisms (Nishimura et al. 2009,
2020; Zhang et al. 2015; Bence et al. 2017). Sim-
ilarly, Aux/IAA degrons have also been incorpo-
rated into cell-cell communication systems. In
yeast, auxin-responsive synthetic transcription
factors were expressed in one strain and mixed
with a second strain that was engineered to syn-
thesize auxin (Khakhar et al. 2016). Recently,
this idea was expanded to act as a way to penalize
cheaters in a quorum-sensing circuit engineered
into mammalian cells (Ma et al. 2020). Synthetic
transcription factors that incorporate the Aux/
IAA degron have also been used to semiration-
ally design plant development (Khakhar et al.
2018). Finally, the engineering of an orthogonal
auxin-TIRI pair that interfaces with the endog-
enous auxin response has been a major break-
through in resolving controversial areas of aux-
in biology, notably very rapid auxin-induced
growth responses (Fendrych et al. 2018; Uchida
et al. 2018). These types of approaches alter the
control logic of endogenous nuclear auxin con-
trol systems and add exogenous control points.

THE NEXT SET OF QUESTIONS WELL SUITED
FOR SYNTHETIC AND/OR SYSTEMS
APPROACHES

Remarkably given all of the progress made to
date, there remain a host of unanswered ques-
tions in auxin biology, many of which will likely
benefit from incorporating synthetic and sys-
tems approaches. From the perspective of the
molecular signaling system itself, there remain
key gaps in knowledge in regard to fundamental
questions like what components are working in
the nucleus, in the cytoplasm, or associated with
various membranes. This question has been
thrust to the fore with new findings about the
activity of TIR1/AFB1 in triggering rapid growth
responses (Prigge et al. 2020), as well as with
revelations about auxin sequestration in the en-
doplasmic reticulum (Barbez and Kleine-Vehn

2013) and regulated nucleocytoplasmic parti-
tioning of at least some ARFs (Powers et al.
2019). These same findings also bring out
questions about coordination or competition
between different signaling events, as well as
presenting new potential mechanisms for parti-
tioning auxin action within the cell body during
anisotropic growth responses.

There are also areas where we have seen great
progress, but still lack complete understanding.
For example, work on mosses and liverworts, in
addition to an ever-growing number of angio-
sperms, has been critical for connecting the di-
versification of auxin signaling components to
evolutionary innovations (Matthes et al. 2019;
Blazquez et al. 2020; Israeli et al. 2020), and
this rich source of information has yet to be fully
incorporated into control models or leveraged in
engineering efforts. There is also much to learn
about how promoter architecture and different
classes of ARFs feed into these dynamics (Lavy
et al. 2016; Kato et al. 2017; Flores-Sandoval
et al. 2018; Galli et al. 2018; Freire-Rios et al.
2020; Lanctot et al. 2020). The challenges in
this regard call to mind the work on one of the
most extensively studied enhancers regulating
eve2 in Drosophila embryogenesis. In their
review article “The Appeasement of Doug: A
Synthetic Approach to Enhancer Biology,” Vin-
cent et al. (2016) document several failures at
reconstituting the function of eve2 by minimiz-
ing, multimerizing, and even recoding spacer
sequences between known transcription fac-
tor-binding sites. These authors argue, and we
concur, that both successes and failures in en-
hancer reconstitution are informative and wor-
thy of public report and advocate the use of
iterative design-build-test-learn cycles to con-
tinue deciphering the design principles of regu-
latory logic in (auxin) biology.

From an engineering standpoint, we have yet
to fully explore the natural features of transcrip-
tion factors, such as modularity and cooperative
binding. Bashor et al. (2019) recently demon-
strated the ability to engineer cooperativity
into synthetic transcription factors to generate
nonlinear gene circuit behavior in yeast cells.
They used a computational model-driven ap-
proach that enabled them to explore circuit con-
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figuration and behavior space for a large set of
highly modular synthetic transcription factors.
These highly tunable synthetic transcription fac-
tors enabled construction of circuits capable of
such complex behaviors such as persistence fil-
tering (activation only in response to an input of
sufficiently long duration) and temporal decod-
ing (bandpass filters that respond only to inputs
of specified frequencies). How do the interac-
tions between ARFs, and between ARFs and
other transcription factors, impact native signal-
ing dynamics? How could they be manipulated
to change critical control parameters? The next
generation of mathematical models, particularly
if built with an eye to design, could be of great use
in generating and evaluating experiments in this
arena.

So how is information about development
encoded in auxin signals? How can we learn to
reprogram this controller to be better adapted to
our changing climate to improve the lives of
farmers and humanity more broadly? To answer
these questions requires examination of a variety
of tissues and how different auxin controllers are
implemented in these systems. A beautiful ex-
ample of such work examined auxin regulation
of tomato leaf shape (Israeli et al. 2019). The
Aux/IAA gene Entire regulates leaflet formation
in tomatoes and is one of the rare examples of a
clear phenotype associated with a loss of func-
tion in an Aux/IAA. Of course, auxin controllers
are not operating in isolation, and many ques-
tions still remain as to how auxin and other
signaling pathways interact. Other pathways
modulate auxin responses and their effects on
plant growth, development, and behavior. In ad-
dition to WUSCHEL and the shoot apical mer-
istem cell network discussed above, interactions
with the circadian clock are well known and have
recently been dissected in circadian-regulated
floral opening using systems approaches (Ata-
mian and Harmer 2016; Ke et al. 2018). Hor-
mone interactions in development are well
founded, and our understanding of how auxin
and cytokinin interact to control development
and floral organ size have recently been ad-
vanced through a combination of synthetic
signaling reporters and quantitative time-lapse
microscopy (Zhu et al. 2020). Just as we have
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perturbed auxin controllers to study their be-
havior and logic, so too have other organisms
sabotaged auxin signaling for their own gain
(Zhang et al. 2020; Su et al. 2021). Over the
past year, several auxin biosynthetic genes and
gene circuits have been implicated in regulating
plant-microbe interactions, pushing once again
our system boundaries of auxin’s realm of con-
trols from organism to ecosystem (Kunkel and
Harper 2018).

SCIENTISTS ARE THEMSELVES EMBEDDED
IN A SYSTEM THAT NEEDS TO BE
UNDERSTOOD AND INTENTIONALLY
(SYNTHETICALLY) ENGINEERED FOR
EQUITY AND JUSTICE

In 2016, the World Economic Forum brought
together a group of young scientists from all over
the world to discuss ethical conduct of research.
The results of this workshop were published in
2018 as a code of conduct resting on seven prin-
ciples: (1) engage with the public, (2) pursue the
truth, (3) minimize harm, (4) engage with deci-
sion makers, (5) support diversity, (6) be a men-
tor, and (7) be accountable (World Economic
Forum Young Scientists Community 2020).
This expanded definition of responsible conduct
of research is provocative and highlights the
ways in which our research programs are them-
selves systems, embedded in a series of higher-
order systems.

We are on the precipice of the next green
revolution. With full knowledge of our past suc-
cesses and failures, we must face this next tran-
sition with full attention to innovation in both
the approaches we take and in which people
participate in the work. In Kitano’s domains,
we might first focus on the individual stakehold-
ers—what they can contribute, what they need,
what success would look like for them—and
then how they interact with one another. We
can then use this information to build predict-
able models and guide rational design of our
research systems (e.g., Byars-Winston et al.
2018). When we think of our mentees, this
would necessitate enthusiastic adoption of best
practices, especially those that make our groups
truly welcoming and inclusive environments
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for all (Committee on Effective Mentoring in
STEMM et al. 2019; Henkhaus et al. 2020). Pro-
fessor Beronda Montgomery has cogently laid
out a path for how we can use what we know
from studying plants and microbes to inform
how we approach our mentoring, our collabora-
tive relationships, and our institutional struc-
tures (Montgomery 2018, 2020a,b). When we
think of our students, we can develop course-
based undergraduate research experiences
(CUREs) that leverage the excitement around
systems and synthetic approaches (Campbell
et al. 2014; Murren et al. 2019; Govindan et al.
2020). This type of experience offers more equi-
table access to research and could substantially
broaden the pool of future plant biologists (Lo-
patto et al. 2008; Bangera and Brownell 2014;
Brownell et al. 2015).

Beyond the people directly engaged in the
research, there are other stakeholders that his-
torically have been marginalized, excluded, or
disrespected. These include the public on whose
behalf we are working, farmers working in an
enormous range of socioeconomic and environ-
mental conditions, indigenous communities
with deep knowledge of specific plants and prac-
tices, agronomists, and decision makers in gov-
ernmental and nongovernmental organizations,
just to name a few. How would our science be
different if we were regularly engaging with
these audiences, not to “educate” them but to
listen, to learn, and to build long-term relation-
ships based on trust. There is a need for funding
and leadership to foster scientific exchanges and
collaborations between scientists in different
parts of the world. Perhaps one of the most ef-
fective ways to minimize harm with technology
is to transfer expertise to scientists who live in
the communities where new varieties are need-
ed, allowing for local conversations about values
and priorities to guide the decision of which
products are developed. We must reckon with
how our choices as plant scientists can minimize
harm and maximize accountability.
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