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MAPK transgenic circuit to improve plant
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Khaled Moustafa*

Institut National de la Santé et de la Recherche Médicale (INSERM); Créteil, France

Keywords: MAP kinase, MAPK transgenic circuit, mitogen activated protein kinase
Abbreviations: MAP, Mitogen activated protein; MAPK, MAP kinase; MAPKK, MAPK kinase; MAPKKK, MAPKK kinase.

Thanks to their distinctive mode of action in a coordinated
switch-like way, their multi-tiered signaling cascades and
their involvement in cell responses to multiple internal and
external stimuli, MAP kinases offer a remarkable possibility to
be assembled into what we can call “MAPK transgenic circuits”
to improve cell functions. Such circuit could be used to
enhance cell signaling efficiency and boost cell functions for
several purposes in plant biotechnology, medicine, and
pharmaceutical industry.

MAP Kinases and Environmental Stresses

Mitogen-Activated-Protein Kinases (MAPKSs) are ubiquitous
components of signaling pathways that convey biological infor-
mation from receptors to target molecules in response to multiple
intra- and extracellular signals. Accumulated knowledge confirms
important roles of MAPK signaling pathways in most cell activi-
ties from cell nascence to cell death, including embryogenesis,
cell division, hormone signaling, and adaptation to diverse envi-
ronmental stresses. Plant adaptation is an important qualitative
and quantitative trait controlled by multiple genes and complex
signaling network. Biotechnology programs should move from
the single gene manipulation to multiple genes approach. Partic-
ularly, it would be crucial to identify and quantify interacting
molecules that act synergistically to increase plant adaptation to
severe and multiple environmental stresses.

Scientific literature abounds with studies reporting positive
effects of plant transformation with single genes on stress toler-
ance under controlled conditions (i.e. iz vitro). Recently, several
genes of the MAPKKK gene family have been identified in canola
(Brassica mzpu:).1 Some of them (BnaMAPKKKI8 and Bna-
MAPKKKI9 for instance) induce hypersensitivity response
(HR)-like cell death and protect tobacco cells against biotic stress
damages. Other genes of the same family are regulated by both
biotic and abiotic stress treatments. Similarly, Wang et al. (2014)
reported that the ectopic expression of the maize MAP kinase
ZmSIMKI (a gene of the group B MAPKs) results in an
improved tolerance to both biotic (e.g. Pseudomonas syringae)
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and abiotic stresses (salt and drought).2 Moreover, transgenic
tobacco expressing ZmSIMKI exhibits an increased rate of seed
germination and high levels of antioxidant enzymes with reduced
accumulation of reactive oxygen species (ROS). The ZmSIMK1
also triggers a systemic acquired resistance (SAR) by inducing the
expression of pathogen-related (PR) genes and hypersensitive
response (HR) to protect plant cells from biotic stress injuries.2 A
novel MAP kinase gene, called ZmMKK1 of the MAPKK family,
group A, has also been recently identified in maize, conferring
tolerance to chilling and defense responses to pathogens by
increasing antioxidant enzyme activities and enhancing the accu-
mulation of osmolytes.” The overexpression of another maize
MAPK gene, ZmMPKS5, induces the defense responses in
tobacco and confers tolerance to salt stress with healthier pheno-
type compared to wild type.> In Arabidopsis, the interchange-
able MAPK genes, MPK3/MPKG6 seem to regulate the activity of
the heat shock factor HSFA4A, conferring tolerance to salt and
oxidative stresses.®

These findings and many others, recently reviewed,”* confirm
the role of MAP kinases in environmental stress responses and
highlight a great potential of MAP kinases in improving plant-
tolerance through biotechnology programs. However, despite
these positive outputs, results under field conditions are still
below expectations, suggesting that single genes approach is not
so effective to produce inherently stress-adapted plants, due to
the differences between one simple variable lab condition and
more complex multivariable field conditions. The reason behind
this discrepancy would be that genetic transformation with a sin-
gle gene may result in an overproduction of the corresponding
transgene product compared to unchanged concentration of its
target, yielding in disproportional concentrations between the
interacting partners. Although a signal amplification may exist,
the signal amplification may do not reach the threshold required
to trigger effective cellular responses. This assumption was con-
firmed recently by a report showing that augmenting the concen-
trations of sequentially interacting MAP kinases increases the
sensitivity of a signaling module and reduces the activation
threshold.’

Subsequently, to insure a functional equilibrium and obtain a
powerful genetic circuit system, simultaneous genetic transforma-
tion with a set of functionally-related genes would produce
‘calibrated’ concentrations of the interacting molecules and guar-
antee an efficient interaction between transgenes and their targets
involved in the same signaling pathway. MAP kinases are good
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candidates for such an approach for 3 main reasons. First, MAP
kinases are ubiquitously involved in developmental and stress sig-
naling pathways. Second, MAP kinases, with phosphatases, oper-
ate as On/OfF cell-signaling switchers with a distinctive mode of
action in a coordinated switch-like way.'® Third, MAP kinases
are remarkably “wired” to each other in a multi-tiered cascade,
where each kinase activates another in a sequential way:
MAPKKK—MAPKK—MAPK, where MAPKKK, MAPKK
and MAPK are genes belonging to different MAP kinase gene
families. Moreover, an efficient signaling system should be com-
posed of elements optimized to function in their natural context,
not in the context of the synthetic circuit,'" which is the case of
MAP kinases. Three MAP kinases, plus a receptor-encoding
gene, if available or predictable, and a target gene can thus be
rewired into one signaling module to form a “MAPK transgenic
circuit” (Fig. 1) to generate new genotypes with new characteris-
tics to enhance cell functions and signaling efficacy for example
to improve plant adaptation to its environment, or other biotech-
nology applications.

In abiotic stress context, a short part of MAPK stress cascade
composed of 3 MAPK kinases (MEKK1—MKK2—MPK4/
MPKG6) was identified.'? Although this is an incomplete MAP cas-
cade, it would be an important hunt for transgenic circuit
approach to assess plant tolerance to abiotic stresses using this
kinase core. The potental of using such a short MAPK core is
supported by a recent study demonstrating that a fine-tunable sig-
nal processing can be inherited to a minimal MAPK module com-
posed of only 3 tiered MAPKs.” The aforementioned short
MAPK cascade (MEKK1—MKK2—MPK4/6) can thus be engi-
neered into a transgenic circuit for abiotic stress assessment, despite
lacking receptor and transcription factor. Fewer components lim-
ited to only a MAP kinase rewired to a receptor have also been
reported to enhance potato tolerance to blight disease by insuring
positive signaling feedback.'> To assess plant tolerance to biotic
stresses (for example resistance to bacteria and fungi) a more tiered
MAPK cascade starting with flagellin receptor (FLS2) and ending
by WRKY transcription factor, with MAPK core composed of
(MEKK1, MKK4/MKKS5, MPK3/MPK6)14 represents a worthy
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Figure 1. Schema of conceptual ‘transgenic circuits’ to enhance plant adaptation to environmental stresses. Plants are simultaniously exposed to multi-
ple environmental constraints. Transformation with multiple stress-functionaly-related genes such as MAP kinases may provide an efficient solution to
develop sustainablly stress tolerant spieces. (A) MAP kinase trangenic circuit composed of receptor, functionally related MAP kinases (MAPKKK ¢ MAPKK
O MAPK genes), transcription factor and a target gene. (B) Multi-stress transgenes circuit composed of receptor, drought responsive gene, salt responsive
gene, heat (or cold) responsive gene, transcription factor and target gene. Dotted arrows indicate potential crosstalk between different-stress genes.
(C) The transgenes can be assembled under the control of constitutive or inducible promoter on one or multiple vectors to be targeted to chloroplasts
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choice for MAPK transgenic circuit approach for the assessment of
sustainable pathogen resistance.

Rewiring Multiple MAP Kinases to Construct “MAPK
Transgenic Circuit”

To construct MAPK transgenic circuits, there are several
methods. In the few last years, an important variety of transfor-
mation approaches and plasmid vectors have been engineered
and commercialized to facilitate cloning, transfer, and expression
of multiple genes. The candidate genes for transgenic circuits can
be selected based on their involvements in plant stress-tolerance,
or any other biological question of interest, and then stacked
directly on one single vector or on different vectors, or they can
be assembled indirectly by iterative rounds of genetic crossing
between different lines carrying the desired single genes.'”> How-
ever, the one single vector approach has the advantage that only
one DNA molecule needs to be transferred and all the transgenes
would be inherited together. Using bioactive-mediated transfor-
mation method, for example, the introduction of large DNA
fragments into plant cells has been reported.'® More recently, 7
genes were assembled by an improved version of multiround
Gateway technology.'” Another progress for multigenes transfor-
mation came from the use of site specific recombination with
homing endonucleases to stack different genes into artificial chro-
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mosome vector — or mlmchromosome.

Which Promoters to Use?

Based on the strategy being used, the rransgenic circuir can be
driven by specific promoters and expressed as a constitutive,
inducible or tissue-specific expression.”” Due to the segmental
nature of gene promoter, cis-regulatory elements of different
stress-responsive genes can be tethered by subunits into one block
to construct synthetic promoters®' to lead the expression of the
multigenes circuit. Fundamental research, however, will be
required to determine the right inputs and outputs, the specific
interacting MAPKs and their targets to define where and when
these components may provide the best results. Developing trans-
genic circuit approach would give the possibility to switch the
transgenic circuit on and off at the right moment by an exoge-
nous application of appropriate activators/repressors, as it was
demonstrated by O’Shaughnessy et al. through the application of
the estradiol to assess the steady state-activation of MAPK signal-
ing module.”
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Where to Target the Expression of Transgenic
Circuits?

Once engineered in appropriate vectors, transgenes circuits
can be delivered into plant cells either to plastidal, mitochondrial
or nuclear genomes. The nuclear genome, however, involves sev-
eral challenges, which include (i) eukaryote nuclear genome does
not process polycistronic genes, (ii) risk of gene silencing due to
RNAi mechanisms, and (iii) random integration of the trans-
genes into the nuclear DNA, which may cause side position-
effects on the development of the transgenic line (e.g., dwarfism
or sterility). Different selection markers may also be required at
each step of the obtention of multigenes lines, resulting in an
extended selection process. Alternatively, and owing to the pro-
karyotic nature of the chloroplasts and mitochondria, multiples
genes can be advantageously introduced as a single polycistronic
operon into chloroplast or mitochonria.

An important question may rise about potential crosstalks of
the transgenic circuit with the native pathways, which might rep-
resent a challenge for the new rewired modules. However, in
bacteria (. col7), the rewiring of promoters with different tran-
scription or sigma factor genes in hundreds of combinations were
tolerated by the bacteria genome with only slight effect on the
growth.”” In plant, Navqi et al (2009) have created multiplex
transgenic maize expressing at least 5 genes involved in vitamin
metabolic pathways with no undesirable effects observed.”® In
Arabidopsis, Kristensen et al (2005) also engineered an entire
metabolic pathways without negative major effects on the metab-
olome and transcriptome.”

Regardless of these findings, one of the possible strategies to
circumvent any potentially undesirable crosstalk is to design
transgenic circuit as an orthogonal or heteroulogous module,
which does not crosstalk with native pathways.

Finally, by constructing MAPK transgenic circuit and eval-
uating cell responses, we boost our comprehension of how
MAPK modules work and how to exploit them in important
applications in biopharmaceutical industry, medicine, and
plant biotechnology. The good comprehension of the mecha-
nisms of reception and signal transduction pathways involved
in activating cell adaptive responses contribute considerably
to the aim of developing an effective and maintainable plant
stress tolerance.
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