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Summary

Synthetic biology can greatly aid the investigation of fundamental regulatory mechanisms and
enable their direct deployment in the host organisms of choice. In the field of plant hypoxia
physiology, a synthetic biology approach has been recently exploited to infer general properties of
the plant oxygen sensing mechanism, by expression of plant-specific components in yeast.
Moreover, genetic sensors have been devised to report cellular oxygen levels or physiological
parameters associated to hypoxia, and orthogonal switches have been introduced in plants to trigger
oxygen-specific responses. Upcoming applications are expected, such as genetic tailoring of
oxygen-responsive traits, engineering of plant hypoxic metabolism and oxygen delivery to hypoxic

tissues, and expansion of the repertoire of genetically encoded oxygen sensors.

Key words: plants, synthetic biology, hypoxia, genetically encoded sensors, metabolic

engineering, flooding

I. Introduction

Proposed in the beginning of the XX century, synthetic biology has rapidly expanded from the early
2000s until now, due to the advancements and progressive affordability of DNA sequencing,
synthesis and manipulation technologies. Nowadays, this research area combines approaches from
biology, physics, mathematics and chemistry with the aim of modifying existing biological systems,
or creating entirely new ones, to generate tools and knowledge for research or practical applications.
To achieve such goals, synthetic biologists apply engineering principles (Andrianantoandro et al.,
2006) in an iterative process that generates predictable and reliable models to be tested

experimentally and thus gather information for future improved design (Cameron et al., 2014).

In the last decade, this framework has been adopted also in plant biology (Liu & Stewart, 2015).
Continuous progress in the collection and functional characterization of DNA modules already
enables the construction of synthetic genetic circuits in plant cells (Andres at al., 2019). Some
bright examples, in which the aforementioned approaches have been used to ameliorate plant
photosynthetic (South ef al., 2019) and water use efficiency (Park et al., 2015; Papanatsiou et al.,
2019), demonstrate that synthetic biology can provide unprecedented opportunities to assist and
speed up the generation of crops with improved responses to the environment. Perhaps, the most
prolific field of application in plants is that of (genetically encoded) biosensors (Box 1), with a
number of them engineered to date to respond to endogenous and environmental molecules or

parameters. These endeavours have created new analytical tools to measure specific inputs, but also
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led to discoveries concerning fundamental aspects of plant biology (Walia et al., 2018),
demonstrating once more that, besides its technological value, synthetic biology can provide a new
conceptual framework to expand the borders of scientific knowledge (de Lorenzo and Danchin,
2008). Here, we will outline how the plant community has taken advantage of the synthetic biology
perspective to shed light on oxygen biology, and propose ideas for its next application towards

improved plant performance under hypoxia-related environmental stresses.

II. In vivo biosensors for plant cellular hypoxia

Oxygen levels in plant tissues display variations that depend on their organisation, distance from the
body surface, and metabolic activity. This picture has been established through measurements of
internal oxygen concentrations obtained with physical sensors. Optical sensors and, more recently,
miniaturized Clarke-type electrodes have been employed to reveal that in plant tissues oxygen can
range from below the detection limit (0.07 kPa) to above 50 kPa (Pedersen et al., 2016). Oxygen
sensitive foils have also been developed to visualize and quantify oxygen distribution in sectioned
plant organs (Tschiersch et al., 2012). However, physical sensors are still constrained by their
spatial resolution and by the unavoidable mechanical injury caused by piercing or slicing.
Introduction of the thinnest probe available (as small as 5 um in diameter; Schmidt ez al., 2018) can

still locally perturb cellular oxygen dynamics and biochemical responses.

When cell-size resolution is sought for, invasive detection methods are therefore preferentially
substituted with genetically encoded circuitries designed to report on O, abundance or O,-
associated responses. Genetically encoded sensors have the potential to disclose phenomena that
take place in undisturbed sub-cellular compartments and depict their dynamics over time, opposite
to static single point surveys. Recently, knowledge gathered on the mechanisms of oxygen
perception across life kingdoms has been deployed to design and test synthetic circuits that are able

to reveal oxygen fluctuations in plant cells.
Transcriptional biosensors

Higher plants possess a direct oxygen sensing mechanism that relies on the conditional degradation
of master activators of hypoxic gene expression, the ERF-VII Ethylene Responsive Factors. In
presence of oxygen, Plant Cysteine Oxidase enzymes (PCOs) oxidize a conserved N-terminal
cysteine exposed by the ERF-VII proteins, thereby targeting them to proteasomal degradation
through the dedicated cysteine N-degron pathway (van Dongen&Licausi, 2015). Conversely,
inhibition of PCO activity under hypoxia makes the ERF-VIIs stable in this condition. The
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91 endogenous plant oxygen sensing machinery has been exploited in Arabidopsis thaliana, to drive
92  the expression of a synthetic promoter, derived from the DNA cis-element recognized by the ERF-
93  VIIs (Gasch et al., 2016). Here, the transcriptional output module is coupled to native sensory and
94  effector modules from Arabidopsis, respectively constituted by PCOs and the ERF-VIIs (Fig. 1a).
95 In Arabidopsis shoot apices, activation of the HRPE output occurs in cell layers where low oxygen
96 concentrations have been measured with a Clark-type electrode (Weits et al., 2019). Although use
97  of output reporters based on hypoxia-inducible promoters is not entirely novel, enhanced specificity
98 is expected to be conferred by the absence of any additional cis-element in the synthetic HRPE
99  promoter beyond the one bound by the ERF-VIIL. This should prevent the output module from
100 responding to unrelated transcription factors, different from native hypoxia-responsive promoters
101  on which multiple signalling pathways can in principle converge. Dedicated comparisons with
102  reporters based on native plant promoters will reveal whether the HRPE reporter is in fact

103  characterized by more specific patterns of response to oxygen in a range of plant organs.

104  The HRPE reporter may nonetheless retain residual responsivity to other inputs than the mere
105  oxygen concentration: in particular, its output might be influenced by any O,-independent factor
106  impacting on ERF-VII activity or abundance. Indeed, it should not be disregarded that indirect
107  biosensors rely on cellular machinery components, whose status can substantially affect the output
108  of the system (Wright&Nemhauser, 2019), thus careful set-up of the experimental controls is
109  needed to avoid misinterpretations. In this regard, a desirable property of synthetic gene circuits and
110  biological devices is the so-called orthogonality (or context-free behaviour), defined as their ability
111 to work (nearly) uncoupled from all extant cellular processes that are not strictly required for the

112 response of interest.

113 A recent study (lacopino et al, 2019) has attempted to attain a fully orthogonal sensor, by
114  engineering human oxygen sensing components in Arabidopsis. Direct oxygen perception in
115  humans revolves around the oxygen-dependent degradation of HIFa transcription factors (Semenza,
116 2007), through a pathway that is structurally similar to the Cys N-degron pathway in plants (Licausi
117 et al., 2019). Minimum regulatory domains isolated from HIF-1a (Hypoxia Inducible Factor 1a)
118 and its cognate E3 ligase pVHL (Von Hippel-Lindau protein) were used to build the effector
119  modules of a transcriptional biosensor, by reconstruction of a GAL4-based two-hybrid system (Fig.
120  1la). The sensory module was constituted by the human oxygen sensor PHD3 (Prolyl Hydroxylase
121 Domain 3; Schofield&Ratcliffe, 2004). In this strategy, incorporation of protein modules with no
122 phylogenetic relationships to the plant proteome has proven successful to achieve high specificity

123 for oxygen. When specifically tested, the effector modules showed no interaction with the extant
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functions of the cell, indicating that the biosensor was selective for PHD3 as a switch; in turn, this

sensory module proved to be selective for oxygen as an input (Iacopino et al., 2019).
Degradation-type biosensors

In the case of the ERF-VII factors, the exposed cysteine acts as a regulatory target that, combined
with proper structural features (yet to be generalized), turn the N-terminal extremity of these
proteins into an O,-dependent protein degradation domain (ODDs). Originally described for HIF-1a
(Huang et al., 1998), ODDs link a protein’s half-life to oxygen concentration, with the involvement
of the ubiquitin proteasome system. ODDs are versatile units to be incorporated into oxygen
biosensors. When ODD-containing reporter proteins are expressed in cells where the cognate
degradation machinery is present, indirect biosensors can be obtained in which effector and output
modules are combined (Fig. 1b). In this way, the human HIF-CODD peptide (C-terminal ODD)
fused to a fluorescent protein has been used to report hypoxia in Drosophila (Misra et al., 2017);
moreover, HIF-CODD based synthetic reporters have been successfully exploited as tracers in
animals, where they could be delivered by injection (Iglesias et al., 2019). If not directly delivered
to intact plant cells, whose low propensity to uptake exogenous compounds is probably due to
peculiar cell surface properties, such as the presence of a glycan-rich cell wall (Cedefio et al., 2017),
synthetic ODD fusion proteins can be nonetheless genetically encoded. Plant oxygen sensitive
domains have been effectively exploited in “degradation-type” biosensors. The cysteine N-degron
from the barley ERF-VII factor BERF1 has been associated to a visual reporter and expressed in
barley, to obtain the only known oxygen reporter developed for a crop so far (Mendiondo et al.,
2016). As in the case of plant HRPE-based reporters, the endogenous partners of this indirect sensor
make it in principle sensitive to additional stimuli to oxygen. In heterologous systems, in turn,
cysteine N-degrons from the Arabidopsis have proved able to report oxygen in human cells
(Masson et al., 2019) and yeast (Puerta et al., 2019) (Fig. 1b). Moreover, such an approach has
made it possible to exclude the involvement of nitric oxide in PCO-mediated cysteine oxidation
(Puerta et al., 2019), as an advancement towards unravelling the hierarchical position of nitric oxide

during ERF-VII proteostasis (Gibbs et al., 2014).

Some of the developed oxygen biosensors are ratiometric (their readout is independent of probe
concentration). In the degradation-type sensor tested in yeast, this feature has been attained by
translational fusion of an O,-insensitive luminescent moiety to the output module (Fig. 1b).
Otherwise, suitable fluorescent proteins have been paired to set up intrinsically ratiometric FRET
sensors, where conformational changes triggered by interaction of HIF-CODD and pVHL domains

enabled FRET in an O,-dependent fashion (Youssef et al., 2016).

7
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157  Maturation-type biosensors

158  All GFP-like fluorescent proteins strictly require oxygen for the autocatalytic production of a
159  functional chromophore from a non-fluorescent precursor: this property has been exploited to
160 realize direct O, biosensors that can be dubbed as “maturation-type” (Fig. 1¢). They have been so
161  far employed as quantitative reporters in bacteria or animals, but their evaluation in plants is yet to
162  come. Combination of GFP-like proteins with O,-independent fluorophores based on flavin
163  mononucleotides has generated a FRET biosensor in E. coli (Potzkei et al., 2012). Furthermore, a
164  two-color DsRed protein has been developed, whose properties of O,-dependent maturation
165  determined a quantitative shift in FRET emission from red to green that could be used to monitor
166  hypoxia in Drosophila (Lidski ez al., 2018). Maturation-type ratiometric biosensors may also be
167  obtained using tandem fluorescent protein timers (tFT). Fusions between O,-dependent and -
168 independent fluorescent proteins have been successfully used to spot hypoxia in human cells
169  (Erapaneedi ef al., 2016). The amenability of tFTs as in vivo sensors in plants has been recently
170  demonstrated by coupling them to the N-degron and auxin signalling pathways in Arabidopsis and
171  tobacco (Zhang et al., 2019). Finally, heme-binding protein domains can potentially serve as further
172 direct sensors. In E. coli, oxygen-dependent conformational change in the native heme-binding
173 domain DosH has been used to obtain a FRET probe that showed in vivo O, sensitivity in the

174  micromolar range (Nomata & Hisabori, 2018).

175  Acute hypoxia in cells displays physiological hallmarks, mostly connected to the impairment of
176  mitochondrial respiration. Analytes different from O, can therefore be deployed to investigate its
177  onset and consequences. Indeed, genetic sensors have been designed in plants to detect relevant
178  compounds and parameters that vary with O, availability for metabolism, such as adenylates,
179  cytosolic pH, free calcium, reactive oxygen species, redox state, and NAD oxidation. Five of the
180 aforementioned reporters have been recently used to achieve parallel monitoring of different

181  cytosolic parameters during hypoxia in Arabidopsis (Wagner ef al., 2019).
182
183  III. Synthetic biology strategies to improve plant performance during flooding

184  Hypoxia is a component of the flooding stress, which arises due to water saturation in the soil
185  (waterlogging) or complete submergence of the plant body (Sasidharan et al., 2017). Besides the
186  direct inhibition of oxidative phosphorylation, and the consequent energy crisis, this environmental
187  condition entails photosynthesis inhibition due to water turbidity, accumulation of gasotransmitters
188  such as ethylene, nitric oxide and hydrogen sulphide, and increased availability of phytotoxic

189  compounds (Bailey-Serres & Colmer, 2014). Additionally, drought-like stress is experienced when
8
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aerobic conditions are restored and plants need to rapidly re-adapt to the gaseous atmosphere
(Yeung et al., 2019). Endeavours to improve crop tolerance to flooding has been accomplished
through transfer of single genes or loci, due to the practical and economical limitation in
manipulating complex traits (Xu et al., 2006; Kretzschmar et al., 2015; Mendiondo et al., 2016).
Moreover, being these loci effective in conferring submergence resistance at specific developmental
stages, a full-spectrum resistance requires gene stacking, when they do not conflict with each other

or impair yield (Lee ef al., 2009).

Consequently, synthetic biology would prove advantageous to activate in a timely and tuneable
manner some key metabolic or anatomical features that enhance tolerance (Fig. 2). Taking oxygen
levels as bona fide proxy of the submergence status, molecular switches based on O,-dependent
reactions constitute a promising solution to toggle adaptive strategies, and possibly attune them to
metabolic or developmental parameters. A number of reports proposed enhanced fermentation,
inhibition of growth and enhanced ROS scavenging as means to improve plant tolerance (Ismond,
2003; Tesniere et al., 2006). While the efficacy of these strategies is based on large phenotypic
surveys over natural variation within plant species, transcriptomic analyses and gene inactivation
assays, an unsupervised attempt to generate plants with improved submergence tolerance has been
successfully carried out by Vartapetian et al. (2014). Here, the authors selected hypoxia-tolerant
wheat and sugarcane calli by exposure to anoxia and, from these, regenerated plants with superior
tolerance to waterlogging; unfortunately, the molecular determinants of this feature were not
subsequently identified. Nowadays however, the synthetic biology framework enables us to plan
bolder endeavours. The oxygen sensing modules reviewed above could be linked to features that
have been proposed as crucial for flooding and de-submergence survival, such as promotion of
water-escape by elongation, energy-saving by quiescence, prompt stomatal closure, and senescence
retardation (Yeung et al., 2019). The availability of non-plant modules could provide the
opportunity to achieve their orthogonal regulation. Moreover, extra copies of hormonal regulators
(transcription factors or regulatory partners) could be made O,-dependent by conjugation with
ODDs. These strategies could involve ‘highjacking’ gibberellin or brassinosteroid signalling to
control underwater growth, ethylene and cytokinin downstream targets to inhibit early-senescence,

and abscisic acid perception to govern stomatal aperture during flooding and at de-submergence

(Fig 2).

IV. Synthetic oxygen-dependent metabolism
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222 A third area of application of synthetic biology in plant hypoxia research pertains to metabolic
223 engineering. Oxygen is consumed by cytochrome ¢ (COX) and alternative oxidases (AOX) in the
224  mitochondrial electron transport chain, to drive ADP phosphorylation or prevent accumulation of
225  over-reduced electron carriers, respectively (Schertl & Braun, 2014). Exploitation of these
226  enzymatic activities has been proposed in order to ensure nitrogenase protection, in plants cells
227  engineered to perform nitrogen fixation in a non-symbiontic context. Indeed, the nitrogenase
228  complex is extremely sensitive to oxygen and requires high energy expense for its functioning. In
229  this light, specialized mitochondria would constitute a new site to host nitrogen fixation (Burén &
230  Rubio, 2018). Expression and activity of COX and AOX should be attuned to those of nitrogenase
231  components, low oxygen and high ATP levels, therefore requiring a synthetic coordinator able to

232 integrate these signals and generate a robust output.

233 Since ATP synthesis is inhibited when oxygen availability falls below COX affinity, engineering of
234  metabolic flexibility to sustain chemical energy fixation under these circumstances would be
235  beneficial for plant tissues. Alternative reactions tapping from the cellular pyruvate pool would also
236 serve the purpose of avoiding accumulation of this metabolite, which is suspected to stimulate
237  respiration and promote a dangerous anoxic state (Zabalza et al., 2008; Bui et al., 2019). Pathway
238  directed at these aims could be borrowed from aerobic algae, fungi and prokaryotes that behave as
239  facultative anaerobes. Examples of these pathways are the acetic fermentation pathways reported in
240  Chlamydomonas reinhardtii (Yang et al., 2015), or parallel respiratory pathways that use alternative
241  electron acceptors in the absence of oxygen (Lecomte et al., 2018). Attempting these strategies
242 poses challenges akin to those of engineering autonomous nitrogen fixation, beginning from the
243 need of coordinated expression of a number of proteins targeted to the same subcellular
244  compartment. Progress towards this end has been made by the engineering of multicistronic giant
245  genes, whose translation products are cleaved by the tobacco etch virus protease (TEVp) (Yang et
246 al., 2018). Future investigations applied towards this aim will doubtlessly benefit from the design-
247  build-test-learn approach typical of synthetic biology. The outcome of this research seems
248  promising not only for application in whole plants but also to support metabolite production and

249  biomass yield in large-scale cell cultures.
250
251 V. Conclusions

252  Plant oxygen biologists have embraced synthetic biology principles to pursue some long-standing
253 goals in hypoxia research, such as the live detection of oxygen variations in a cell-resolved fashion
254  and the introduction of highly specific responses to enhance plant tolerance under low oxygen-

10
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associated environmental stresses. Some significant limitations have to be overcome in the near
future to make these novel strategies highly effective (Box 2). Above all, avoiding unintended
interference by the synthetic switches with cell regulation or metabolism will be particularly crucial
to attain high precision application of the strategies outlined above towards flooding-induced

metabolic control.
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Figure legends

Figure 1. Synthetic strategies for the design of genetic biosensors of oxygen. Three types of
biosensor designs are conceptualized on the left, based on the architecture of their constituents. In
the schematics, a generic analyte, recognized by the sensory module, is represented by a triangle. A
generic output is, instead, indicated by a star. Examples of oxygen biosensors of each kind,
implemented in various hosts, are provided in the shaded boxes. Names in grey indicate endogenous
components from the host cell. (a) Transcriptional (indirect) biosensors. Left box: a synthetic
SxHRPE-GFP output module responded to the intracellular oxygen levels (Weits ef al., 2019) by
way of endogenous modules providing sensory (PCO) and effector functions (ERF-VII

transcription factors), and other functions (Cys N-degron pathway proteins and the proteasome
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406  system) needed to complete the genetic circuitry. Right: a molecular switch composed of three
407  synthetic modules of fully exogenous origin was activated by oxygen in a context-independent
408  (orthogonal) fashion (Iacopino ef al., 2019). A human PHD enzyme enables recognition of a HIF1-
409 o ODD-based effector module by a pVHL B-domain present on a second effector module. The
410 interaction brings into contact two associated domains of the GAL4 transcription factor (not shown
411  in the graphics) and enables the expression of the output module. (b) Degradation-based (indirect)
412  biosensors. Left: in yeast, ERF-VII ODD served as effector domain incorporated in a ratiometric
413  luminescent output module. Plant PCO was supplied as sensor (Puerta er al, 2019). Right: in
414  human cells, ERF-VII ODD-containing output modules can work in a circuitry that provides an
415  endogenous sensory function, thanks to human Cysteine Oxidases (COs) (Masson et al., 2019). (c)
416  Direct biosensors. One example of FRET-based maturation biosensor is provided on the left
417  (Potzkei et al., 2012; see main text for further detail). On the right, a heme-based biosensor design.
418 When heme is bound to oxygen, a heme-containing DosH unit is less efficient in quenching
419  fluorescence of a Venus YFP protein linked to it (Nomata & Hisabori, 2018). Both designs were
420 implemented in bacteria. PCO, Plant Cysteine Oxidases; DUBs, Deubiquitinating Enzymes; ERF-
421 VII, Ethylene-Responsive Factors Group VII; Fluc, firefly luciferase; GFP, Green Fluorescent
422  Protein; HIFa, Hypoxia Inducible Factor’s a subunit; HRPE, Hypoxia Responsive Promoter
423  Element; ODD, Oxygen-Dependent Degradation Domain; PHD, Prolyl Hydroxylase Domain;
424  pVHL, Von Hippel-Lindau Protein; Rluc, renilla luciferase; UAS, GAL4 Upstream Activating
425  Sequence.

426  Figure 2. Proposed exploitation of synthetic biology to enhance flooding tolerance. Damage to
427  plants and yield losses caused by flooding stress could be limited or overcome by exploiting (low)
428  oxygen-dependent switches. These can be adopted to (on the left) guide existing metabolic
429  pathways or induce heterologous ones dedicated to pyruvate consumption and sustain glycolysis,
430 such as acetic fermentation. Other applications (following towards to the right) entail the
431  stimulation of ABA and ROS-driven stomata closure in order to prevent hyperhydricity during
432  flooding and dehydration during desubmergence, selective manipulation of hormonal control of
433  premature senescence after reoxygenation and finally induction or repression of growth to establish

434  escape or quiescence strategies, respectively.

435
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Box 1. General architecture of genetically encoded sensors.

Biosensors are devices that incorporate a biological sensing element, able to reveal a biological
analyte (e.g., a biomolecule) or its concentration, and convert the biological signal into a
measurable output (Turner et al., 1987). Biosensors of a particular kind are the genetically encoded
sensors, whose functions are covered by DNA-encoded parts (e.g. proteins, peptides, RNA

molecules, aptamers).

Genetically encoded sensors can be conceptually described as generated by combination of three
kinds of functions. (i) A sensory function, that has first-hand interaction with the desired analyte or
stimulus: biological sensory components may for instance use the analyte as a substrate for
biochemical reactions, or undergo a spontaneous allosteric, conformational, or chemical changes
upon the interaction; (ii) an effector function that transduces the information; and (iii) an output
function that produces a change in a measurable parameter as the biosensor readout. Functions are
expressed by DNA modules (most frequently consisting of transcriptional units) of native of
exogenous origin (i.e. introduced upon genetic transformation of the host organism), whose
connection reconstitutes small genetic circuits. Individual functions can be executed by separate
modules, constituted by one or more components, or aggregated. In this way, direct biosensors can
be defined as those in which a single module is able to react to and report the status of the desired
stimulus. Indirect biosensors, instead, require additional components, either encoded by separate
modules or by the cellular machinery, to enable the production of the output (Wright & Nemhauser,
2019).

Box 2. Challenges in synthetic biology of plant hypoxia

This Insight describes a range of synthetic genetically encoded devices devised to return oxygen-
specific outputs, such as the in vivo imaging of O, gradients, the control O,-dependent switching of
development, the implementation of space-resolved responses, or the improvement of plant hypoxic
metabolism. In most instances, the functional space of these devices is yet to be explored in a
systematic way. The ability to address the following aspects will be of paramount importance for

the success of the strategies designed.

¢ Functional standards. The range of device activity as a function of oxygen concentration needs to
be defined in the host organism, at least in a controlled set-up. For instance, oxygen biosensors
remain to a large extent qualitative, whereas this standard has been set for different plant based
biosensors.

e High-throughput procedures for device optimization. The possibility to iteratively test sequence

variants of the modules directly in the plant host is crucial to the outcome of every synthetic
17
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biology strategy among those presented. Effective screening methods for a large number of
variants in plant cells (e.g. isolated protoplasts) will aid to identify the best combinations of
sequence elements (e.g. promoters and coding sequences) that enable a balanced production of
functional modules in aerobic and hypoxic conditions, according to the specific experimental
design.

Orthogonality in plant cells. The interaction between the existing cellular context and the
synthetic devices has to be evaluated case by case both from the input side (is the device
regulated by oxygen only? Is the input managed through the sensory module?) and the output

side (does the operating device impact on unintended downstream pathways?).
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