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SUMMARY

As sessile organisms, plants are finely tuned to respond dynamically to developmental, circadian
and environmental cues. Genome-wide studies investigating these types of cues have uncovered
the intrinsically different ways they can impact gene expression over time. Recent advances

in single-cell sequencing and time-based bioinformatic algorithms are now beginning to reveal
the dynamics of these time-based responses within individual cells and plant tissues. Here, we
review what these techniques have revealed about the spatiotemporal nature of gene regulation,
paying particular attention to the three distinct ways in which plant tissues are time sensitive. (i)
First, we discuss how studying plant cell identity can reveal developmental trajectories hidden

in pseudotime. (ii) Next, we present evidence that indicates that plant cell types keep their own
local time through tissue-specific regulation of the circadian clock. (iii) Finally, we review what
determines the speed of environmental signaling responses, and how they can be contingent on
developmental and circadian time. By these means, this review sheds light on how these different
scales of time-based responses can act with tissue and cell-type specificity to elicit changes in
whole plant systems.
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INTRODUCTION

Plants must regulate the timing of gene expression with exquisite precision to develop and
thrive in a rapidly changing environment. Driven by the coordinated effort of hundreds

of transcription factors (TFs) interacting with their genome-wide targets, gene expression
programs reliably turn on and off to respond to such changes. To understand how such
genome-wide regulatory mechanisms operate dynamically, the study of time has typically
fallen into three broad paradigms. The first is through the context of plant development,
where dynamic genome-wide expression events drive cell-type patterning. The second is the
circadian clock, which introduces oscillations in genome-wide expression levels that align
to a 24-h period. The third is the timing of genome-wide responses to environmental cues,
which can vary depending on the plant’s developmental state or time of day. Importantly,
because different plant cell types express unique sets of genes, the passage of time has
different effects among and between different plant tissues.

Understanding how genome-wide responses play out over different timescales and in

a cell-type-specific manner has been technically challenging. Historically, genome-wide
investigations have been limited to a handful of time-points conducted using homogenized
‘bulk’ tissue samples. Such approaches can easily miss early and transient responses over
time, as well as ones that occur only in specific cell types. Fortunately, advances in
genomic technologies now allow scientists to better measure genome-wide responses with
greater precision over time and in space. This has been achieved in part by the continuous
drop in sequencing costs, the rise of single-cell transcriptomics, and the improvement of
computational approaches that can learn the regulatory networks underlying these dynamic
responses.

The purpose of this review is to describe the current state of the art in capturing gene
regulatory dynamics over time, with particular attention on what these techniques have
revealed about unique timing mechanisms at a cell-type level. To begin, we discuss how
single-cell sequencing has led to characterization of plant cell identity at the transcriptional
level, and how this has allowed developmental trajectories to be reconstructed /n sifico. We
then cover evidence that suggests that the circadian clock works differently within different
plant tissues. We also reflect on the rate at which environmental signaling events occur in
real time, and how they can interact with developmental and circadian timing. Finally, by
integrating genome-wide responses across time and space scales, we provide a forecast of
what new questions of plant systems dynamics the community might address in the future
(Box 1).

DEVELOPMENTAL PSEUDOTIME: PREDICTING THE PAST FROM PLANT
CELL IDENTITY

Unlike mammals, plants grow and develop indeterminately. Furthermore, while mammalian
organogenesis follows a strict timeline of cellular differentiation, plants are more flexible;
their development can speed up or slow down depending on resource availability and
environmental cues. For this reason, a central goal in plant genomics is to understand not
only the molecular signaling networks that govern plant cell-type patterning, but also what
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controls their rate of development over time. However, mapping the different developmental
trajectories that unfold at the genome-wide level over time is technically challenging.
Fortunately, single-cell sequencing and pseudotime algorithms are enabling measurement
of the genome-wide signaling events that underlie plant developmental trajectories. In this
section, we first highlight what single-cell sequencing has revealed about the developmental
differences between plant cell types. We then discuss how pseudotime is helping to capture
the temporal nature of cell-type transitions as they occur over plant development.

Plant cell identity at the gene regulatory level

The “identity” of a cell can be defined by its physiology, spatial position and developmental
lineage (Morris, 2019; Scheres, 2001). Cell identity can also be described at the molecular
level through the unique ways cell types regulate the expression of their genomes (Efroni,
2018; Pinheiro et al., 2021). Such signatures of cell identity can be detected by a variety

of methods (Berkowitz et al., 2021; Birnbaum et al., 2003; Gifford et al., 2008; Knauer

et al., 2019), with genome-wide transcriptional or chromatin profiling through single-cell
sequencing becoming a dominant approach. While many different single-cell sequencing
techniques exist (for review, see Birnbaum, 2018), the rise of single-cell investigations
across eukaryotes in general, and in plants in particular, has been driven by the 10 x
Genomics single-cell microfluidics-based platform (Birnbaum, 2018; McFaline-Figueroa et
al., 2020). Currently, cell-type atlases that report plant cell identity exist for the Arabidopsis
root (Denyer et al., 2019; Shahan et al., 2020; Shulse et al., 2019; Zhang et al., 2019),
shoot (Kim et al., 2021; Lopez-Anido et al., 2021; Xu et al., 2021a) and seed (Picard et al.,
2021), as well as other plant species (Kajala et al., 2021; Liu et al., 2021; Xu et al., 2021b;
Figure 1a). Importantly, these cell-type atlases are generated through an unbiased clustering
of single sequenced cells (or nuclei) using algorithms that exploit the variability between
each cell’s transcriptome or epigenome (Satija et al., 2015). Given this unbiased nature,
part of the promise of single-cell sequencing lies in its ability to detect rare or previously
uncharacterized cell types, such as those found in the chalazal endosperm region in seed
(Picard et al., 2021).

However, the promise of single-cell sequencing in plant genomics lies not just in its

ability to discover new cell types, but also in its ability to reveal the canonical expression
patterns that make up cell identity. For some cell types, such transcriptional signatures
differ dramatically. For example, even though they arise from the same developmental
lineage, epidermal and guard cell transcriptomes are highly distinct (Lopez-Anido et al.,
2021; Figure 1b). In contrast, for other cell types, such as palisade and spongy mesophyll,
differences in cell identity at the transcriptome level have proven more subtle (Xie et al.,
2020; Xu et al., 2021). Nevertheless, small differences in expression between cell types
have helped reveal new cell functions. For example, small disparities in transcriptomes

of abaxial and adaxial bundle sheath cells in maize have pointed to preferential phloem
loading on the abaxial side (Bezrutczyk et al., 2021). Plant cell identity at the genome-wide
level has also been revealed by assaying differences in the epigenome (Pinheiro et al.,
2021). Performing single-nuclei ATAC-seq in the maize leaf found differences in chromatin
accessibility between each cell type that contributed to cell identity (Marand et al., 2021).
Nevertheless, epigenetic marks—such as regions of open chromatin or DNA methylation—
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appear to be less variable at the single-cell scale compared with gene expression (Birnbaum
et al., 2003; Dorrity et al., 2021; Farmer et al., 2021; Kawakatsu et al., 2016). This is
somewhat surprising, given that chromatin accessibility and DNA-methylation patterns show
a high degree of cell-type specificity in mammals (Cusanovich et al., 2018; Gorkin et al.,
2020; Luo et al., 2018). However, this discrepancy may lie in the technical limitations of
current single-cell assays to plant tissues, and may be resolved through multi-omic methods
that can report both the transcriptome and epigenome of the same cell (Zhu et al., 2019).

Plant cells not only express the core canonical gene regulatory programs that drive cell
identity, but also express additional gene regulatory programs that are tailored to meet the
demands of the environment. For example, guard cells in the leaf not only express the

core set of genes that maintain cell identity, but can also express additional transcriptional
programs, such as those that are specific for drought stress (Lopez-Anido et al., 2021;

van Weringh et al., 2021). Such cell-type responses to external stimuli are considered
changes in cell ‘state’ (Morris, 2019; Figure 1c). In systems with just one cell-type identity,
changes in cell state can be clearly detected. For example, through single-cell sequencing
of Chlamydomonas cell culture over time, the transcriptional changes driven by iron
limitation and the circadian clock could be easily discerned (Ma et al., 2021). However,

in multicellular systems, where many different cell identities exist, it is more difficult to
dissociate cell identity from cell state. In these instances, changes in cell state can be
detected through looking at variation in splicing (La Manno et al., 2018), tracking transcript
accumulation over time (Erhard et al., 2019; Zhang et al., 2016), and with algorithms

that try to distinguish between identity-driven and state-driven responses (Kotliar et al.,
2019). Importantly, the distinction between cell identity and cell state will help parse out
the different gene regulatory programs a cell type might be expressing at any one time,

an important step in untangling the mix of developmental, circadian and environmental
responses that each cell type can display.

Deciphering developmental trajectories hidden in pseudotime

Plant cell types arise from stem cell niches, and through a series of divisions arrive at

their differentiated state. Because these divisions occur in a spatial progression, plant tissues
consist of an ordered file of cells, with younger cells separated from their more mature
counterparts (Figure 1a). Luckily for systems biologists, such an arrangement means that
each plant organ holds a spatial map of developmental time, which can be interrogated
using single-cell sequencing. Indeed, with the help of pseudotime algorithms, new insights
are being made into how these developmental trajectories unfold over time. Briefly, these
algorithms aim to draw the most parsimonious developmental lineages among cell types,
beginning at the ancestral cell type and ending at the most differentiated cell types (Lederer
and La Manno, 2020; Figure 1b). Many different pseudotime algorithms exist, where their
predictive power depends on the underlying developmental trajectory; different flavors of
algorithms are better suited to different types of trajectories (for review, see Saelens et al.,
2019).

Pseudotime has proven useful in deciphering developmental timelines in both the root
and shoot. For example, after single-cell sequencing captured the transcriptomes of cell

Plant J. Author manuscript; available in PMC 2022 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swift et al.

Page 5

types within the Arabidopsis root tip, pseudotime was able to predict the developmental
trajectories that connect these cell types together and parse them into meristematic,
elongation and maturation zones (Shahan et al., 2020). This approach confirmed the
well-known mechanism that TFs SHORTROOT and SCARECROW play in early tissue
patterning, as well as extended what is known about their mechanism of action by
discovering that SHORTROOT can act to specify mature endodermal cell identity (Shahan
et al., 2020). Indeed, along these lines pseudotime is helping revise the timing of well-
known molecular signaling mechanisms that drive development. For example, in the
Avrabidopsis leaf a pseudotime model captured the developmental trajectory of guard cells
within the leaf epidermis (Lopez-Anido et al., 2021). This model correctly predicted the
key role SPEECHLESS plays in early patterning, but also found that SPEECHLESS

was required much later in stomatal development to drive cell fate commitment (Lopez-
Anido et al., 2021). Beyond transcriptomics, pseudotime can also be used to predict

the developmental transitions that occur in the plant epigenome. This is useful because
measuring how the chromatin landscape changes over pseudotime can predict which events
precede gene expression (Ma et al., 2020a). Such an approach was taken to detect the
changes in chromatin accessibility that occur between meristematic cells and phloem
companion cells in maize (Marand et al., 2021).

Some developmental transitions in plants occur rapidly and thus can be difficult to detect in
real time. Pseudotime has proven to be powerful in its ability to detect such transient events.
For example, pseudotime was able to capture very early and transient transcriptional states
that occur when lateral root primordia cells arise from xylem pole pericycle cells (Gala et
al., 2021), or as mature conductive cells arise from the root stem cell niche (Roszak et al.,
2021). In another example, when applied to tomato shoots, pseudotime was able to detect
transitions in cell identity that lead to shoot-borne roots (Omary et al., 2020). In each of
these studies, pseudotime led to the identification and functional validation of key candidate
genes involved in these phenotypes. More broadly, pseudotime has also been able to indicate
the rate or ‘velocity” at which such developmental transitions occur (Figure 1b). The concept
of pseudotime velocity was benchmarked by observing single-cell meiotic transcriptional
events in maize, where an increased pseudotime velocity was associated with the transition
of premeiotic cells to prophase | (Nelms and Walbot, 2019).

A key limitation of pseudotime is that it serves only as a proxy for real time, and often

can predict trajectories that are far from the ground truth (Saelens et al., 2019). Combining
pseudotime with real-time approaches can enhance the accuracy of pseudotime. This can
be achieved through measuring developmental change over multiple time-points and then
employing pseudotime to infer what happens during the time in between. For example,
this time-based approach was taken in animals to study mouse gastrulation (Cao et al.,
2019; Mittnenzweig et al., 2021). Here, pseudotime helped build a continuous model of
fetal development from discrete time-points sampled over a 36-h period (Mittnenzweig et
al., 2021). This approach revealed the genome-wide transcriptional signatures that drive
cell-type development, finding that while some cell types were driven by a discrete set of
factors, others were driven by a collection of factors that lacked clear expression boundaries
(Mittnenzweig et al., 2021). Indeed, when applied to plants, combining real time with
pseudotime approaches may help to parse out complex developmental transitions that may
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be difficult to predict from pseudotime alone. This method has already shown promise in
ordering the expression changes that drive the transition to flowering in the tomato meristem
(Meir et al., 2021).

CIRCADIAN TIME: ARE THERE LOCAL TIME ZONES WITHIN PLANT

TISSUES?

Beyond developmental time, plants also have an internal molecular clock that keeps track of
real time. The circadian clock—defined by a series of interlocked transcriptional feedback
loops—ticks away within different plant cells and tissues. Through its action, the circadian
clock creates oscillations in the expression of thousands of genes, all of which are entrained
to the 24-h photoperiod (Harmer et al., 2000; Figure 2a). Such oscillations are crucial for
ensuring that plant function is in rhythm with the environment. For example, the circadian
clock sets the rate of starch degradation in the evening (Kim et al., 2017) and promotes
carbon fixation during the daytime (Dodd et al., 2004). Given its enormous impact on gene
regulation, understanding how the clock regulates its gene targets is a central challenge in
systems biology. Complicating this task further, new research is indicating that different
plant tissues regulate their own clocks in a cell-type-specific way. In this section, we first
present evidence supporting how cell-type-specific circadian gene expression occurs in
plants. We then assess what bioinformatic approaches can allow plant biologists to model
such expression patterns over time with tissue specificity.

Tissue-specific timekeeping

In animals, different organs and tissues can express their own distinct circadian rhythms.
In mammals, such multiple tissue-specific oscillators are organized hierarchically, where a
central clock located in the suprachiasmatic nucleus (SCN) of the brain provides temporal
information that synchronizes peripheral oscillators (Mohawk et al., 2012; Tomioka and
Matsumoto, 2010). Considerable evidence supports the model that plants also have multiple
oscillators regulated tissue-specifically (Endo, 2016; Nohales, 2021; Sorkin and Nusinow,
2021). One of the first examples was shown in tobacco, where rhythms in cytosolic free
calcium and LHCB (CAB) gene expression were shown to exhibit different free-running
periods (Sai and Johnson, 1999; Figure 2b). Consistent with this, a subsequent study

in Arabidopsis showed different temperature-responsiveness of epidermal and mesophyll
clocks, as measured by CA73and LHCB1.1 (CAB2) expression (Michael et al., 2003).
Similarly, rhythmic expression of the clock component CCA1 exhibited delayed phasing
and longer periods in guard cells compared with adjacent mesophyll and epidermal cells,
again supporting tissue specificity in oscillator function (Yakir et al., 2011). Crucially, the
discovery of rhythms with distinct periods demonstrates the presence of multiple oscillators
(Nohales, 2021). This is because while a single clock can drive rhythms with multiple
phases, it cannot generate multiple periods, as the period is an intrinsic property of the
oscillator. If distinct tissue-specific clocks exist, then these different clocks should be able
to generate different periods and phases unique to each cell type (Figure 2b). To test

this, tissue-specific promoters were used to overexpress the clock TF CCA1 specifically
in the epidermis, mesophyll or the vasculature. Because CCA1 overexpression confers
arrhythmicity, this approach allowed identification of which tissue-specific clock was
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necessary for individual output rhythms. This demonstrated that clock function in the leaf
vasculature — but not in the epidermis or mesophyll—was necessary for photoperiodic
expression of florigen (FT) and induction of flowering (Endo et al., 2014; Shimizu et

al., 2015). In contrast, the epidermal clock was critical for the thermal regulation of cell
elongation (Shimizu et al., 2015; Figure 2b).

Avre tissue-specific circadian clocks in plants also organized hierarchically like those in
animals? Early studies suggested otherwise and, instead, suggested that plant circadian
clocks worked in a cell-autonomous manner. This was in part shown when each cotyledon
in Arabidopsis was entrained by light—dark cycles to be 180° out of phase with each

other, while the shoot apex was entrained to an intermediate phase. Remarkably, circadian
rhythms monitored by luciferase activity driven by clock-regulated promoters showed that
these three spatial domains retained distinct circadian phases when allowed to free-run for
several days (Thain et al., 2000). This suggested that there was little or no cell-to-cell
synchronization. However, several subsequent studies have shown weak, hierarchal coupling
between different plant cell types (Fukuda et al., 2007; James et al., 2008; Wenden et al.,
2012). For example, perturbing the vasculature clock changed the clock component 70C1
expression not only in the vasculature but also in the mesophyll. Perturbing the mesophyll
clock did not alter the vasculature clock in the same way, suggesting that the vasculature
clock is dominant over that of the mesophyll (Endo et al., 2014).

This same interplay between different clocks has been shown at the organ level. The

clock in roots has been shown to be a simplified version of the shoot clock; the root

clock preferentially expresses evening phase clock components, while morning phased
components (e.g. CCA1 and LHY) are expressed at lower levels and display reduced target
promoter binding (James et al., 2008; Lee and Seo, 2018). Perhaps for this reason the
function of the root clock is modulated by signals arising from the shoot (Bordage et al.,
2016; James et al., 2008; Takahashi et al., 2015). These signals include sucrose (Frank et
al., 2018; James et al., 2008; Philippou et al., 2019) and light, with the latter at least in
part resulting from light piping from shoot to root through the vasculature (Nimmo, 2018).
Importantly, long-distance signaling from the shoot apical meristem to the root modulates
rhythmicity in the root (Takahashi et al., 2015). Collectively, these findings suggest a
hierarchical nature of plant clocks, with the shoot apical meristem playing a coordinating
role reminiscent of the mammalian SCN (Takahashi et al., 2015).

Desynchronization of the clock between cells could explain why some plant tissues display
dampened rhythms (Figure 2b). Specifically, in contrast to the robust rhythms displayed

by the shoot apical meristem, root tip, cotyledons and hypocotyls of Arabidopsis (Fukuda
etal., 2012; Gould et al., 2018; Takahashi et al., 2015), there are two distinct waves of
circadian behavior in the root. The averaging of these two waves generates the dampened
rhythms typically found when expression is averaged across the whole root (Gould et al.,
2018). Similar evidence for desynchronization between plant tissues being the source of
dampened rhythms was shown in a separate study looking at expression of CCAZ in single
nuclei of leaf tissue over extended circadian conditions (i.e. under constant light; Yakir et al.,
2011). One day after shifting into constant light, guard cells and non-guard (epidermal and
mesophyll) cells showed very similar peak expression times, with 64% of guard cells and
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81% of non-guard cells peaking 0-3 h after dawn. Following 7 days in constant light, guard
cell nuclei peaked an average of 11 h later, while the non-guard cells exhibited only a slight
shift of a few hours. Analysis of protoplasts isolated from these two tissue types confirmed
the desynchronization of the single-cell clocks as the driving force behind the dampened
rhythms (Yakir et al., 2011).

Due to its simple structure of small floating bodies and immobile leaf fronds, the duckweed
Lemna gibba has proven an attractive model for studying the interaction between single-
cell oscillators (Muranaka et al., 2015). Monitoring CCA1 oscillations using a luciferase
reporter uncovered cell-to-cell variation in period resulting in desynchronized rhythms.
While this was consistent with previous findings in Arabidopsis, experiments in L. gibba
have also uncovered evidence of reduced variation in phase and period among neighboring
cells, suggesting the coupling of some cells in close proximity. This spatial pattern of

phase synchronicity correlated with photosynthetic activity rhythms, suggesting that this
physiological output is driven by the circadian phase (Muranaka and Oyama, 2016). Indeed,
local coupling effects have also been suggested by the robust rhythms in the shoot apical
meristem and root tip, possibly due to relatively high cell density, which may facilitate
coupling among cells (Fukuda et al., 2012; Gould et al., 2018; Takahashi et al., 2015). What
are the signaling molecules driving this cell-density-dependent coupling? In the mammalian
SCN oscillator, coupling is thought to be maintained through interneuronal signaling via
neuropeptides (Pilorz et al., 2020). In plants, additional single-cell studies from intact tissue
that incorporate peptide and metabolite level resolution are needed to elucidate possible
intercellular signaling mechanisms.

Modeling circadian tissue-specific transcriptomics genome-wide

How can one measure the circadian clock’s impact on gene regulation at the genome-wide
level? Capturing circadian oscillations transcriptome-wide over several days and integrating
them into gene regulatory networks remains a significant challenge. Most circadian

network studies in plants focus on the properties of the core oscillator and modeling the
transcriptional network using mutant analysis as well as transcriptome and TF-binding
assays (Nakamichi, 2020). Mathematical modeling of the plant circadian clock, primarily
based on differential equation systems, has also been used to predict core oscillator function
and rhythmic output (Figure 2c¢; Fogelmark and Troein, 2014; Locke et al., 2005; Pokhilko
etal., 2010, 2012, 2013). However, few studies incorporate the regulatory connections
between the core oscillator and the transcriptome (Bonnot and Nagel, 2021; Muller et al.,
2020). A recent method for predicting transcriptional networks from time course data that
incorporates expression level and rates of change to infer network connections offers an
effective approach for building such circadian gene regulatory networks (Desai et al., 2017).
Another challenge in modeling rhythmic expression patterns genome-wide is comparing
between conditions or genotypes. One solution is to integrate time course transcriptome data
into co-expression networks that capture representative transcript expression patterns over
time and use the gene correlation scores in a linear model to indicate significant differences
in pattern between samples or treatments (Greenham et al., 2020).
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At present, the modeling approaches mentioned above have typically drawn on bulk RNA-
seq transcriptomic data. Whole-organ sampling averages gene expression between tissues
and thus is not an accurate representation of how the clock network functions throughout
the plant, particularly given the evidence for tissue-specific regulation. Clearly single-cell
sequencing approaches will be necessary to identify tissue-specific transcriptional circadian
outputs, including clock genes and clock-regulated output pathways that are uniquely
expressed among different tissues (Figure 2c¢). The challenge then becomes how to integrate
these tissue-specific circadian networks to predict organ level responses.

Although single-cell circadian transcriptomic studies have yet to be done in plants,

initial studies in non-plant systems are shedding light on the differences in the genome-
wide regulation of the circadian clock across individual cells. In animals, laser capture
microdissection (LCM) has revealed how asynchronous neurons within the SCN lead

to precise outputs that synchronize the body clock (Park et al., 2016). Here, both
community structure detection methods and multivariate analyses generated networks
connecting different cell types together based on synaptic and paracrine signaling. The
resulting transcriptional patterns revealed heterogeneity among neurons with subpopulation
expression states. Integrating the transcriptional states of neuropeptide and receptor gene
pairs with a correlation network predicted interactions between gene clusters, providing
insight into the neuronal network structure (Park et al., 2016). These differences in clock
output at the cell-type level were confirmed in a single-cell SCN atlas, which was created
from a combination of single-cell sequencing, LCM and /n situ hybridization approaches
(Wen et al., 2020). This atlas revealed core clock gene expression holding similar phasing

in non-neuronal cells, which was delayed compared with neuronal cells. Importantly, the
SCN atlas was able to identify cell-type-specific TFs that were likely responsible for driving
rhythms in each respective cell type (Wen et al., 2020). In the future, a similar approach will
hopefully reveal the cell-type-specific TFs responsible for regulating unique clock functions
across plant tissues.

ENVIRONMENTAL TIME: SYNCHRONIZING GENE EXPRESSION
RESPONSES WITH THE SPEED OF EXTERNAL STIMULI

To adapt to changes in the environment, plants often begin by changing the way they
regulate their genes. Indeed, a shift in an external cue, such as nutrient, water or light
availability, can lead to dramatic and rapid changes in expression of hundreds to thousands
of genes (Jing and Lin, 2020; Krouk et al., 2010a). Often, the tempo of such transcriptional
responses is aligned to the timing of the environmental cue itself. For example, some cues,
such as the introduction of light (Feng et al., 2017) or nutrients (Krouk et al., 2010b;

Swift et al., 2019), elicit gene regulatory responses that unfold within minutes. Others —
such as the changing of seasons—are met with equally slow responses, such as the histone
modifications that alter over a period of months (Nishio et al., 2020). Importantly, the timing
of environmental signaling responses can hinge on the plant’s developmental state, as well
as the circadian clock (Schneider et al., 2019). In this section, we explore how the timing

of environmental signaling is synchronized to environmental cues, and review how such
timing can be contingent on developmental or circadian timescales. Additionally, we outline
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how environmentally responsive gene regulatory networks can be constructed using machine
learning from RNA-seq datasets.

Aligning the timing of internal expression responses with dynamic changes in external

stimuli

An environmental cue can lead a plant to rapidly change regulation of hundreds to thousands
of genes. For example, upon sensing nitrogen—a key plant nutrient—Arabidopsis roots and
shoots change the expression of thousands of genes within minutes (Brooks et al., 2019;
Varala et al., 2018). How are such gene regulatory cascades initiated? In nitrogen signaling,
early sensory mechanisms, such as the nitrate transceptor NRT1.1 and the master TF NLP7,
play crucial roles in initiating such nitrate response transcriptional cascades (Alvarez et al.,
2020; Ho et al., 2009; Marchive et al., 2013). These and other signaling factors act quickly;
changes in genome-wide differential expression can be detected as early as 3 min after
nitrate exposure (Krouk et al., 2010b). Included among early differentially expressed genes
are TFs, which in turn activate downstream targets, thus increasing the number of genes
within the transcriptional cascade (Alvarez et al., 2021; Bouguyon et al., 2015; Chang et al.,
2013; Figure 3a). What determines the rate at which such transcriptional cascades proceed?
In nitrogen signaling, it was found that the dose of nitrogen itself plays a key role in the
time-based response. Specifically, the rate at which genes are expressed is determined by
the dose of N sensed, where higher doses led to an increased rate of transcriptional output
over time (Swift et al., 2020). Curiously, the relationship between the amount of N provided
to the plant and the rate of transcriptional change over time could be modeled using the
Michaelis—Menten equation, suggesting the dose-response relationship between the nutrient
uptake and transcriptome output can in part mirror simple enzyme kinetics (Figure 3b).
Importantly, modeling the dose-response relationship in this way identified TF TGAL as a
TF that regulates dose-dependent N signaling over time. Early evidence suggests that such
TF-mediated responses are also at work in glucose (Singh et al., 2017) and sucrose signaling
(Zhang et al., 2016) in plants.

More broadly, the rate at which TFs bind and activate their gene targets is an important
determinant in how rapid environmental signaling cascades progress. At the molecular
level, TF—target binding is inherently stochastic; TFs are diffuse throughout the nucleus

and only by chance find their target binding site. To improve the odds, genomes rely

on a range of mechanisms to promote TF—target binding events, such as increasing TF
concentration, or changing the epigenetic landscape (Figure 3b; for review, see Alvarez et
al., 2021; Swift and Coruzzi, 2017). Importantly, these mechanisms enable plants to align
the timing of the transcriptional output to the timing of the environmental cue. For example,
in temperature sensing, through partnering with TFs the photoreceptor phytochrome B
regulates target genes in a temperature-dependent manner; this is made possible by its
temperature-dependent reversion from an active to inactive state (Jung et al., 2016; Legris
et al., 2016). By such mechanisms, transcriptional activation of target genes over time can
be proportional to the cue in question, ensuring that incremental changes in the environment
over time are met with incremental changes in the transcriptome.
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Environmental signaling happens in the context of developmental and circadian
timescales

Crucially, the way environmental signaling responses unfold over time is often contingent
on other dynamic processes. One key factor is the developmental stage of the plant. For
example, a leaf’s developmental stage will inform the way it responds to drought stress.
Unlike in fully developed leaves that have terminated cellular differentiation, developing
leaves will respond differently; drought stress will push them into a developmental trajectory
that ends cellular proliferation prematurely, resulting in comparably lower leaf area and
lower levels of endoreduplication (Baerenfaller et al., 2012; Claeys and Inze, 2013). This
physiological response is reflected at the transcriptional level, where leaves that are still
developing have different drought-responsive expression profiles compared with developed
leaves (Claeys and Inze, 2013). Indeed, within the developmental gradient of the growing
leaf, cells within the expansion zone respond to drought markedly differently compared with
those still undergoing proliferation (Skirycz et al., 2010; Verelst et al., 2013). Drought also
impacts the proportion of cells entering different developmental lineages; to prevent water
loss, the proportion of stomatal cells arising from the protodermal lineage is reduced (Figure
3c; Hamanishi et al., 2012). Such cell-type-specific responses to environmental stress will
likely be further resolved using single-cell sequencing approaches, and some success has
already been made for guard cell responses to drought (van Weringh et al., 2021), as well as
in related stresses such as heat shock (Jean-Baptiste et al., 2019) and salinity (Dinneny et al.,
2008) in the Arabidopsis root.

In a similar fashion, the circadian clock also plays an important role in determining the
magnitude of the transcriptional response to an environmental perturbation. One such way
is a process referred to as ‘gating’ (Figure 3d). For example, the ability of light to induce
expression of LHCB (CAB) is a function of the time of day (Millar and Kay, 1996). This
is, at least in part, because photoreceptor abundance varies with the circadian clock (Toth et
al., 2001), and clock components like TOC1, ELF3 and Gl interact with light-signaling
PIFs (Martin et al., 2018; Nieto et al., 2015; Nohales et al., 2019; Soy et al., 2016;

Zhu et al., 2016). Similarly, extensive interplay exists between the circadian clock and
hormone signaling, resulting in time-of-day-dependent sensitivity to various hormones, such
as abscisic acid (ABA). This is mediated through ABA biosynthesis and signaling, both

of which are regulated by several clock components including LHY and TOC1 (Adams et
al., 2018; Legnaioli et al., 2009). In turn, ABA also influences circadian control through
induction of 7OCI expression that is gated to the day, providing a mechanism for temporal
drought responses (Singh and Mas, 2018). The role of the clock in ABA responses helps
to explain why time of day informs transcriptional responses to drought stress in Brassica
rapa (Greenham et al., 2017), Arabidopsis (Wilkins et al., 2010) and Populus (Wilkins et
al., 2009), as well to related stresses such as cold (Fowler et al., 2005) and heat (Bonnot
and Nagel, 2021; Grinevich et al., 2019). Indeed, for heat stress, an additional layer of
post-transcriptional regulation exists — ribosomes were found to prioritize mRNAs in a
circadian-dependent manner, including mRNAs encoding clock targeted TFs (Bonnot and
Nagel, 2021). Hopefully, future studies will reveal which cell-specific clocks are sensing
and gating these environmental cues, and how they are transmitted across tissues. At least
in the case of Chlamydomonas, single-cell sequencing uncovered a later diurnal phase in
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iron-deficient cells (Ma et al., 2021) that is consistent with the long period observed in
Arabidopsis plants under iron-limiting conditions (Chen et al., 2013; Hong et al., 2013;
Salomé et al., 2013). This certainly argues for considering individual cell phase when
determining the cell state, especially in multicellular organisms where phase response is
likely dependent on cell identity.

Building environmentally responsive networks from time-series data

A central goal of systems biology is to map out the underlying gene regulatory networks that
allow plants to respond dynamically to environmental cues (Alvarez et al., 2021). To detect
these networks, one popular approach is to track how gene expression dynamics change over
time using time-series RNA-seq. Assaying transcriptional change over time can provide two
important clues about the structure of the underlying network (Alvarez et al., 2021). (i) First,
because causality moves forward with time, fine-scale time-series experiments conducted
over a period of minutes to hours can help provide an indication of network causality and
hierarchy; upstream transcriptional regulators can be distinguished from downstream targets.
Such information is useful, as early upstream TFs can play an outsized role on phenotype
(\Varala et al., 2018). (ii) Second, time-series data can catch genes whose expression turns

on and off within a given time frame, and thus might be easily missed if assaying only at
one time-point. For example, fine-scale time-series experiments, conducted in the order of
minutes, can catch transient TF—target interactions, which are absent in steady-state data
(Alvarez et al., 2014).

Unfortunately, the transcriptional cascades revealed by time-series data are typically too
complex to allow one to easily reconstruct the underlying gene regulatory network. This

is because often there are many TF-target interactions taking place at once, making it
difficult to tease out which TFs regulate which genes. For this reason, scientists are turning
to machine learning techniques to help predict the TF-target interactions within time-series
data. Indeed, over the past decade many different algorithms have been applied in both plant
and non-plant species to solve this question (Alvarez et al., 2021). The Inferelator is an
example of a machine learning algorithm applied to model plant transcriptional responses
over time (Bonneau et al., 2006; Wilkins et al., 2016). This algorithm works by assuming
each gene’s expression pattern can be described as a combination of the expression of a

set of unknown TFs. By these means, the Inferelator was able to predict the most likely TF-
target interactions within the genome-wide expression response of rice to drought (Wilkins
et al., 2016). Another example of a machine learning algorithm applied to model plant
transcriptome dynamics is Dynamic Factor Graphs, which relies on linear regression to
estimate the relative impact each expressed TF has on a gene’s expression (Cirrone et al.,
2020). This algorithm was applied to predict the underlying transcriptional networks that
govern nutrient signaling in Arabidopsis (Brooks et al., 2019; Varala et al., 2018), and has
been used to forecast gene expression states at future, untested time-points (Cirrone et al.,
2020). Importantly, including the rate at which genes change their expression over time (as
described in the section above) has been shown to improve machine learning predictions of
TF-target networks (Desai et al., 2017).
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In response to the rise of single-cell methods, machine learning tools have been adapted
to predict gene regulatory networks from single-cell transcriptome data. Such tools are
built upon those designed to analyze bulk RNA-seq data, but hold additional parameters,
such as the ability to handle sparse datasets (Pratapa et al., 2020). When applied to single-
cell transcriptomic data, these methods can provide cell-type resolution of transcriptional
networks (Tripathi and Wilkins, 2021), as well as give insight into the TF-target interactions
that drive cell-type transitions (Matsumoto et al., 2017). An example of one method is
Single-Cell Regulatory Network Inference and Clustering (SCENIC), which relies on the
machine learning algorithm GENIE3. This algorithm uses random forest clustering to
predict TF-target interactions within each clustered cell type. Importantly, it also draws
upon cis-regulatory elements that sit upstream of regulated genes to assist in TF-target
prediction (Aibar et al., 2017).

Indeed, to make predictions, most machine learning tools often need to be first provided

a set of known TF-target interactions or information on the chromatin landscape (Alvarez
et al., 2021). Such ‘priors’ can be computed /n silico, for example by predicting which
TFs bind cis-regulatory sites that sit upstream of expressed genes (Aibar et al., 2017).
Priors can also be generated experimentally, typically by relying on techniques that can
rapidly assay TF-target interactions. One such technique is DAP-seq, an ex vivo technique
that can screen for genome-wide binding sites of a TF (O’Malley et al., 2016). Similarly,
protoplast-based assays have been designed that can quickly report TF-target interactions
that lead to changes in gene regulation (Bargmann et al., 2013; Brooks et al., 2019). At the
single-cell level, multimodal assays that report both gene expression and regions of open
chromatin mean priors can be generated from the same experimental sample (Zhu et al.,
2020). Collectively, these techniques can provide machine learning algorithms with a set of
‘ground-truth” interactions that help improve TF—-target predictions.

THE FUTURE OF TIME

As described in the sections above, the way time is measured can reveal different types

of gene regulation. For example, assaying transcriptional changes over real time can report
how plant genomes respond to circadian or environmental cues. In contrast, pseudotime
approaches are useful for detecting developmental trajectories and catching transient cell
identities. However, developmental, environmental and circadian signaling do not occur

in isolation to one another; they co-exist. Understanding how these timescales interact in
plants is the next frontier. Plants display remarkable developmental plasticity in response to
environmental change — they can grow taller to seek light or grow lateral roots to forage for
nutrients. Such plasticity is in part driven by integrating developmental, environmental and
circadian networks over time. Consequently, discovering the crosstalk among these cues can
lead to discovering as yet unknown biological mechanisms. A fruitful means to detect such
mechanisms will be to understand how these different timescales interact to regulate gene
expression at the cell-type level.

Techniques are on the horizon to meet this challenge (Box 2). These include single-cell
multi-omic methods that can report both the epigenome and transcriptome of different cell
types (Zhu et al., 2019), CRISPR libraries that create cell-type-specific gene knockouts
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(Birnbaum, 2018), and single-cell proteomics (Alfaro et al., 2021). Spatial sequencing that
can illustrate /n situ differences in gene expression will likely prove an important technique
in validating single-cell sequencing approaches (Alon et al., 2021; Cho et al., 2021; Takei

et al., 2021). Protoplasting (Ortiz-Ramirez et al., 2018), LCM (Olsen and Krause, 2019)
and nuclei isolation techniques (Thibivilliers et al., 2020) are constantly improving to ensure
dynamic changes in plant gene regulation can be captured faithfully at the single-cell level.
Dovetailing with these techniques is the growth in novel algorithms for analyzing single-cell
transcriptomic data (Sagar and Grun, 2020), as well as community efforts that aim to
benchmark gene regulatory markers of plant cell identity (Ma et al., 2020b; Plant Cell

Atlas et al., 2021; Rhee et al., 2019). Importantly, the plant community works on a range

of different plant models, many of which are important for agriculture. Thus, assaying for
differences at the cell-type level between species is an important next step. Work in this
direction has already indicated that while some tissues, such as the meristem, appear largely
similar, others appear quite disparate (Kajala et al., 2021).

In conclusion, plants are dynamic systems. No better example of this can be found than

at the molecular level, where patterns of gene regulation are in constant movement. Here

we have reviewed how these dynamics can unfold following developmental, circadian or
environmental timescales, as well as how they can be localized in a cell- and tissue-specific
manner. The challenge for the future will be to integrate across these different timescales, as
well as cell types, to create a new field of Plant Cell System Dynamics, an area of research
nucleated at the 2018 and 2022 Plant Molecular Biology Gordon Research Conferences, and
which form the basis of this review.
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Box 1.
Investigating the molecular dynamics underlying different timescales in
plants
1. Plants respond dynamically to developmental, circadian and environmental

cues, and these responses vary over time and space.

2. Advances in single-cell sequencing have helped characterize plant cell
identity at the transcriptional level, which has allowed developmental
trajectories to be reconstructed /n7 silico using pseudotime.

3. The circadian clock allows plant cells to maintain their own local time, which
can vary among different cell and tissue types, and across developmental
time.

4. Responses to environmental signals entail dynamic transcriptional cascades
that can change rapidly and can be captured by applying machine learning
algorithms to time-series data.

5. The timing of environmental signaling responses can be contingent on
developmental and circadian time.
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Box 2.

Future directions for Plant Cell System Dynamics

Plants display remarkable developmental plasticity in response to
environmental change driven, at least in part, by integrating developmental,
environmental and circadian networks over time, but the mechanisms by
which such integration occurs remain largely unknown.

Advances in spatially resolved sequencing that illustrate /n situ differences in
gene expression are needed to validate single-cell sequencing approaches.

A continuing growth of novel algorithms will aid analysis of temporal single-
cell transcriptomics datasets.

Community-wide efforts are beginning to benchmark gene regulatory markers
of plant cell identity.

There is a pressing need for comparative work to determine the extent to
which cell- and tissue-specific gene expression patterns vary among model
species and species of agricultural and ecological importance.
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Pseudotime versus real time. (a) Single-cell sequencing approaches can create plant cell
atlases that reveal tissue-specific gene regulatory patterns that contribute to cell identity.
(b) Pseudotime algorithms can predict cell-type developmental lineages found within cell

atlases. Importantly, pseudotime is not proportional to real time. For example, pseudotime’s
velocity can increase at developmental junctions (Nelms and Walbot, 2019).

(c) Beyond pseudotime, cell-type-specific gene expression can also change in real time.
Transcriptional changes in response to the environment over real time can change a cell’s

‘state” without changing its identity (Morris, 2019).
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e2.
cell types run their own local circadian time.

(a) By introducing variation in period, phase and amplitude, the circadian clock aligns the
expression levels of thousands of genes to the time of day. Each plant cell self-regulates

its own clock gene regulatory mechanisms, which can lead to cell-type-specific outputs.
Evidence suggests different cell types can synchronize their clock through coupling or
hierarchical arrangements (Gould et al., 2018; Yakir et al., 2011).

(b) A difference in free-running periods between cell types (shown in red and blue), as
seen under constant light conditions, gives evidence for cell-type-specific regulation of
clock function (e.g. CCAI expression; Gould et al., 2018; Yakir et al., 2011). Similarly,
tissue-specific clock regulation can lead to different phasing of gene expression, which can
appear as dampened rhythms at the whole-organ level (dashed purple line). Phase variation
between cell types also exists (e.g. LHCBZ, Endo et al., 2014).

(c) At the genome-wide level, linear models can compare circadian patterns (Greenham et
al., 2020), leading to gene regulatory networks that can reveal the molecular mechanisms
driving clock function. By employing single-cell sequencing, the next frontier is to
understand how the circadian clock works with cell-type specificity at the genome-wide

level.
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Figure 3.

The dynamic timing of plant responses to environmental signals.

(a) Transcription factor (TF) cascades are dynamic over time and can be triggered by an
environmental cue.
(b) TF—target interactions underlie the kinetics of TF transcriptional cascades, where higher
concentrations of a TF can lead to proportional changes in expression output. In this way,
the rate of transcriptional change can be aligned to an environmental signal and explained by
simple kinetic models (such as the Michaelis—Menten model; Swift et al., 2020).

(c) Environmental signaling can interface with developmental trajectories. For example,
under drought conditions, developing leaves can produce fewer guard cells (Hamanishi et

al., 2012).

(d) Transcriptional responses to the environment can also depend on the circadian clock.
One key mechanism is “‘gating’, where the expression of an environmentally responsive gene
(in orange) is restricted to a certain time of day by the circadian clock (in blue; Millar and

Kay, 1996)
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