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ABSTRACT

In their natural environment, plants have to continuously face constraints such as biotic and abiotic
stresses. To achieve their life cycle, plants have to perceive and interpret the nature, but also the strength
of environmental stimuli to activate appropriate physiological responses. Nowadays, it is well established
that signaling pathways are crucial steps in the implementation of rapid and efficient plant responses such
as genetic reprogramming. It is also reported that rapid raises in calcium (Ca>*) levels within plant cells
participate in these early signaling steps and are essential to coordinate adaptive responses. However, to
be informative, calcium increases need to be decoded and relayed by calcium-binding proteins also
referred as calcium sensors to carry-out the appropriate responses. In a recent study, we showed that
CMLS8, an Arabidopsis calcium sensor belonging to the calmodulin-like (CML) protein family, promotes
plant immunity against the phytopathogenic bacteria Pseudomonas syringae pv tomato (strain DC3000).
Interestingly, other CML proteins such as CML9 were also reported to contribute to plant immunity using
the same pathosystem. In this addendum, we propose to discuss about the specific contribution of these
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2 CMLs in stress responses.

It is now well documented that most of external biotic and abi-
otic stimuli induce a rapid increase in free calcium levels within
plant cells." Calcium is considered as an ubiquitous and versatile
second messenger. Indeed, calcium variations are at the heart of
sophisticated signaling networks, integrating information from
a diverse range of developmental cues and environmental chal-
lenges that ultimately will impact gene expression and cell physi-
ology.” Interestingly, these variations can harbour stimulus-
specific properties® and according to the nature and strength of
the stimuli, calcium variations display differences in frequencies,
amplitudes, cellular localization and they were defined as «Ca®*
signature».* These Ca®" signatures have been proven to encode
a first layer of response specificity through their spatio-temporal
properties.” A second layer of specificity is brought by the
decoding processes requiring calcium-binding proteins also
referred as calcium sensors and their downstream targets. Ca>*
sensors are characterized by the presence in their sequence of
the canonical Ca**-binding motif called EF-hand.® The Arabi-
dopsis genome encodes at least 250 EF-hand proteins, which is
much higher than in mammals, arguing for higher importance
of this class of proteins in plants.” These Ca*" sensors are classi-
fied into 4 major groups, the calcineurin-B like, the calcium-
dependent kinases, the calmodulin group and a closely related
group, the CalModulin-Like protein (CML) family, which is spe-
cific to plants.® In 2017, we reported that the ectopic CMLS

expression (P35S:: cds CML8) confers to transgenic plants a bet-
ter resistance to a virulent phytopathogenic bacteria (P. syringae
pv tomato, Pst) compared with wild type (Col8) or the c¢mi8
knock-down and knockout lines.” Collectively, our results sup-
port the idea that CML8 acts as a positive regulator of plant
immunity. To better understand the molecular processes related
to CMLS, we used Pst strains unable to inject effectors into the
plant host cells or deficient for some effectors known to target
the salicylic acid (SA) defense pathway. Our results led us to pro-
pose a role for CML8 in SA-dependent processes probably by
modulating the effect of bacterial effectors rather than through
PAMP-Triggered Immunity (PTI). Interestingly, we demon-
strated in a previous work, that CML9, another Arabidopsis
CML that belongs to the same subgroup than CML8 (Fig. 1A)
contributes, as CMLS, to positively regulate plant immunity in
response to Pst inoculation.'® Nevertheless, in this case, we show
that CML9 contributes to PTI (via a flagellin dependent path-
way) but also to SA-dependent processes.'® Interestingly, CML9
acts as a multifunctional Ca®* sensor since this CML is also
involved, as a negative regulator, in drought and salt stress
responses in plant.'’ The involvement of CML8 was also evalu-
ated in response to abiotic stress treatments but in this case, we
showed that CML8 does not act as a main regulator of plant
responses to salinity.” Thus, these functional analyses clearly
indicate that 2 closely related CMLs (Fig. 1A) might participate
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Figure 1. (A) Phylogenetic tree built with protein sequences from CML8, CML9, CML10, CML11 and CML12. The tree was obtained using Phylogeny program. (B) Model
for CML8 and CML9 functions in response to biotic and abiotic stresses. Environmental signals can trigger Ca®* increases that are relayed and decoded by calcium sensors
such as CMLs. CML9 is involved as a negative regulator in drought and salt stresses by acting in an ABA dependent pathway'' and as a positive regulator in plant innate
immunity (PTI) against P. syringae through a flagellin-dependent signaling pathway.'® CML8 positively regulates P. syringae defense responses but, contrary to CML9,
CMLS could be involved in effector triggered susceptibility (ETS) through a SA dependent pathway.® Moreover, CML8 do not act as a key actor in salt stress responses.’

to distinct signaling pathways as positive regulators of plant
defense and act as a negative regulator (i.e. CML9) in abiotic
stresses (Fig. 1B). To date, the roles of most of the CMLs remain
mainly unknown although recent studies using the model plant
Arabidopsis thaliana have pointed out the involvement for few
of them in physiological processes associated with stress (biotic
and abiotic) responses.'” Interestingly, CML24, classified into a
more divergent subgroup than CML8 and 9, was reported to
take part in abiotic stress responses'” as well as in plant immune
responses following Pst inoculation. However, it is interesting to
note that compared with CML8 and CML9, the contribution of
CML24 in response to Pst is linked both to innate immunity and
hypersensitive responses.'* The Arabidopsis CML42 and
CML37 were also reported to antagonistically contribute to
plant defense and drought response. While CML42 acts as a neg-
ative regulator of plant defense against herbivorous insects,
CML37 acts as a positive regulator.””” In response to drought

stress, CML37 and CML42 also act as positive and negative regu-
lators respectively.'>"°

Collectively, all these data highlight the complexity of cal-
cium signaling in plant and support the idea that CMLs could
be at the crossroads of plant biotic and abiotic stresses signaling
pathways. CMLs can exhibit a dual function as either positive
and/or negative regulators in plant stresses and thus, might be
involved in the fine tuning of plant physiological responses to
pathogens under fluctuating parameters of the environment (i.e.,
temperature, water availability). If these proteins can be consid-
ered as multifunctional proteins, this is certainly due to the
diversity of their target repertoire. Indeed, CMLs do not have
intrinsic activity by themselves but act by interacting with down-
stream targets to modulate their activities that embrace a broad
spectrum of functions such as the regulation of transcription,
transport, trafficking, enzyme activities and phosphorylation
events. Only few targets have been identified and characterized



so far for CMLs but to our knowledge, only a single study was
performed to identify CML interacting proteins using a system-
atic approach.'® Current data obtained clearly show that the
emergent CML’s target repertoire is more extensive than previ-
ously predicted. Concerning CML9 and CMLS8, we identified
PRR2 as a common target.'” PRR2 is a pseudo-response regula-
tor containing several features that are typical of plant transcrip-
tion factors but its function in biotic and/or abiotic stress
responses is still under investigation.

CML8 and CML9 belong to the same CML subgroup in
Arabidopsis as well as 3 others CMLs (CML10, CML11 and
CMLI12) (Fig. 1A). Whereas the role of these 5 proteins is
not fully characterized, our data indicate that there is prob-
ably not a complete functional redundancy between these
proteins. Indeed, thanks to the global expression data and
transgenic reporter lines, we observed that the spatio-tem-
poral gene expression patterns of these CMLs are not simi-
lar. At the protein level these CMLs also exhibit some
specificities. CML10 and CMLI12 encompass 4 and 6 EF-
hand domains respectively and contains 191 and 324 amino
acids whereas others exhibit an average of 150 amino acids
with only 4 EF-hand motifs. These differences at protein
level might be important both in the ability to sense differ-
ent Ca’" signatures, through EF-hands affinity but also to
specifically interact with partners. Thus, CML10 was
reported to interact with a phosphomannomutase, an
enzyme able to modulate ascorbic acid levels* but not with
PRR2, a common target of CML8 and 9."

Concluding remarks

In 2015, to further understand the function of CMLs in
plant, we exploited plant genome sequencing data to ana-
lyze CaM and CML evolution among the green lineage.®
The results show that the abundance of CaMs and CMLs
evolved during terrestrial colonization of plants and that
the emergence of new CML classes appear throughout the
green lineage that correlate with land colonization by plants
and with the acquisition of novel biologic traits. We can
then speculate that each CMLs may be associated to specific
functions during plant development and stress response as
it was the case for CML8 and CML9.
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