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Vacuolar Ca2+/H+ antiporters (CAXs) contribute to Ca2+ 
homeostasis within plant cells. But do they do more? 
Arabidopsis CAX isoforms have heretofore not been 
known to act in concert, but Hocking et al. (2017) now 
present a plethora of evidence suggesting that this 
underlies plasticity in response to environmental cues. 
CAX1 and CAX3 may form heteromeric transporters 
that impact guard cell function/leaf gas exchange, and 
leaf (mesophyll) cell responses to biotic stress.

Ca2+: ‘You can’t live without it, you can’t live with it’ (at too 
high levels). In fact, you can’t even die (i.e. through apoptosis) 
without it! Calcium is a ubiquitous signal within cells and its 
temporally transient elevation within the cytosol is a key acti-
vator of numerous signaling events in every known prokary-
otic and eukaryotic cell – and it has probably been this way 
since the earliest cells evolved (Clapham, 2007). Alongside 
these cytosolic Ca2+ (Ca2+

cyt) signaling ‘spikes’, cell functions 
are severely impaired at homeostatic Ca2+

cyt above about 100 
to 200 nM. Thus, proper cell and organism function, growth, 
and development require molecular transport systems that 
maintain low basal Ca2+

cyt and also ‘sweep’ away elevated 
Ca2+

cyt after signaling events.
Tonoplast Ca2+/H+ antiporters (CAXs) contribute to 

this vital system by providing a transport pathway for Ca2+ 
movement from the cytosol to the vacuole lumen against an 
extreme concentration gradient. This is the paradigm encom-
passing much of what we currently know about tonoplast-
localized CAXs such as CAX1 and CAX3. In fact, we refer 
here to CAXs as having a ‘sweeping’ function to highlight 
what could be called a ‘housekeeping’ activity. This term, 
housekeeping, was also used with reference to CAXs by one 
of the authors of Hocking et al. in a recent review of CAX 
involvement in transport and signaling events (Pittman and 
Hirschi, 2016). Perhaps, as shown in this most recent work by 
Hocking et al., altered expression of CAX isoforms as well 
as their heteromeric association in native protein complexes 
belie this notion of CAXs as ‘just’ attending to humdrum 
housekeeping chores. In presenting some new phenotypes of 
CAX mutants, and hinting at underlying mechanisms associ-
ated with these phenotypes, the authors break new ground 

about this important family of cation transporters in a num-
ber of ways. It may be that CAX proteins in vacuolar mem-
branes have finer points of function other than rudimentary 
Ca2+

cyt homeostasis-inducing, clearing activities.

CAX functional plasticity

One of the technical limitations of CAX research until now 
has been that in order to demonstrate their transport func-
tion (for example, upon expression in plant mutants lack-
ing endogenous CAX genes or in heterologous systems), the 
CAX polypeptide had to be expressed as a truncated protein 
variant. The CAX N-terminal regulatory region has autoin-
hibitory activity. Hence, studies were done on truncated trans-
lation products of ‘sCAX’ coding sequences (Manohar et al., 
2011). Work in Hocking et  al. may portend new advance-
ments because coexpression (in yeast mutants) of full-length 
CAX1 and CAX3 resulted in the generation of a functional 
transporter. Importantly, this CAX transporter had different 
biochemical properties than that displayed by CAX1 alone 
(expressed as the truncated ‘sCAX1’ polypeptide). Perhaps, 
then, native CAX exchangers comprising both CAX1 and 
CAX3 polypeptides might have altered function in native 
membranes as compared to dimer transporters made up 
solely of CAX1 coding sequences. This possibility underlies 
some of the newly developed conjectures of CAX functional 
plasticity presented in Hocking et al.

In conjunction with the transport and biochemical analy-
ses of CAX heterodimers, Hocking et al. present some well-
crafted studies of CAX expression patterns that suggest 
CAXs may function as heterodimers in the plant under vari-
ous conditions. Laser capture microdissection combined with 
single-cell RNA analyses showed that although CAX1 pre-
dominates in vacuoles of leaf mesophyll cells, CAX3 is nor-
mally present along with CAX1 in guard cells. Further, they 
found that in leaf mesophyll cells, CAX3 transcription (and 
translation) is increased upon perception of the presence of 
pathogens. Bimolecular fluorescence complementation analy-
sis of CAX1:CAX3 association documented that these CAX 
isoforms are capable of forming dimers (although whether 
this actually occurs in native membranes is unresolved).
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These studies, approaching the question of whether CAX 
polypeptides are capable of, and do, function as heteromeric 
proteins in situ using different experimental approaches led 
the authors to speculate that CAX assembly as heteromeric 
dimers in the plant could provide some enhanced ability to 
respond to environmental perturbations. Using several experi-
mental approaches, they surmised that during their protoplast 
preparation procedures, CAX3 protein generation increased 
over time. Viewing ‘protoplasting’ as a proxy for general stress 
responses, this led to speculation that CAX3 expression and, 
hence, CAX1/CAX3 dimer formation may provide plant cells 
with a tonoplast Ca2+/H+ antiporter with altered functional 
properties that provides benefits under a range of stress condi-
tions. The authors noticed that some phenotypes displayed by 
cax1/cax3 double mutants related to their presence in guard 
cells, and their function related to facilitating Ca2+ seques-
tration in the vacuole. A  model was developed that linked 
CAX1–CAX3 function in the guard cell tonoplast to regula-
tion of apoplastic Ca2+ and maintenance of normal stomatal 
aperture during changes in extracellular Ca2+.

New possibilities

Hocking et al.’s biochemical analysis of the transport proper-
ties of CAX1–CAX3 dimers upon expression of the full-length 
coding sequences together in yeast mutants breaks new ground, 
and their work represents the first functional analysis of these 
transporters in the presence of their autoinhibitory domains. 
However, the technical challenge of characterizing the nature 
of a possibly heteromeric transport protein as it exists in native 
plant membranes precludes some definitive conclusions about 
the molecular basis for the mutant phenotypes. We can be cer-
tain from the work of these authors that CAX1 and CAX3 
are capable of binding to themselves as well as each other. 
However, we do not know if native tonoplast membranes (in 
which both polypeptides are present) have CAX1 and CAX3 
homodimers as well as the heterodimer. Future experiments 
involving immunoprecipitation of native CAX protein com-
plexes and interrogation of the captured proteins with isoform-
specific antibodies could resolve this particular issue.

Clearly, the work should be viewed in the context of the 
role CAX antiporters play in shaping plant cell responses to 
external signals that are mediated by Ca2+ acting as a cyto-
solic secondary messenger. Ca2+ signaling is of paramount 
importance to a myriad range of plant cell responses to envi-
ronmental, developmental, and physiological cues. However, 
there is much still undefined at the molecular level regard-
ing how Ca2+

cyt elevation acts as a secondary messenger to 
initiate a specific downstream response. The authors present 
their analyses of vacuolar Ca2+ sequestration facilitated by 
antiporters comprising CAX1 and CAX3 as a (perhaps) 
non-static responder to extracellular events leading to Ca2+

cyt 
signaling. They do not conceptualize their tonoplast Ca2+ 
sequestration system in the context of what Richard Tsien 
and colleagues (Wheeler et al., 2012) conceive of as ‘private 
lines of communication’. Could the CAX Ca2+ sequestration 

system be functionally linked to protein complexes that facili-
tate a specific Ca2+ signal transduction pathway (i.e. down-
stream from a specific external cue)?

An example of this point is as follows. Hocking et al. pro-
vide some intriguing evidence that CAX antiporters act in 
pathogen defense responses: application of flg22 (a peptide 
corresponding to a portion of the bacterial motor organ pro-
tein flagellin) stimulates CAX3 expression in mesophyll cells. 
Moreover, the flg22 peptide is recognized by a specific plas-
malemma receptor, FLS2, and flg22 binding to its cognate 
receptor initiates an immune signaling cascade that requires 
Ca2+

cyt elevation (Chinchilla et al., 2006). Early speculation 
that FLS2 acts in membrane microdomains that function as 
platforms for immune signaling (Qi and Katagiri, 2012) have 
recently been confirmed (Bücherl et al., 2017). In this most 
recent paper, Bücherl et  al. used single-particle tracking to 
suggest that specific plasmalemma receptors such as FLS2 
that initiate different signaling pathways activated by Ca2+

cyt 
elevation exist as protein complexes associated with the pro-
teins acting in the downstream steps of the individual signal-
ing pathways.

Such protein complexes acting in Ca2+ signaling micro-
domains also underlie animal cell function. An archetypal 
example of  such a Ca2+ signaling complex is the cell mem-
brane Ca2+ channel Orai1 and the endoplasmic reticu-
lum (ER)-localized Ca2+-binding protein STIM1. They 
functionally interact at physical junctures where the ER 
and cell membrane are linked in a multi-membrane sign-
aling complex (Ambudkar et  al., 2017) and are involved 
in Ca2+ elevation in microdomains (Lee et al., 2010). This 
Orai1:STIM1 ER:cell membrane signaling paradigm pro-
vides the basis for conjecture about similar Ca2+ signaling 
in plant cells.

Extending the points made by Hocking et  al., we might 
further speculate that there are tonoplast:plasmalemma junc-
tions that allow CAX complexes to respond to individual 
Ca2+ signaling events (such as flg22 binding to FLS2) occur-
ring in local domains of the plasmalemma. CAX proteins 
are involved in numerous Ca2+ signaling cascades (e.g. the 
involvement of CAX3 in salinity responses; Manohar et al., 
2011). Thus, physical association of the tonoplast with the 
plasmalemma in microdomains could provide the private 
lines of communication envisioned by Wheeler et al. (2012) 
for CAX transporters to specifically ‘shape’ numerous Ca2+ 
signaling events in plants on a specific, individual basis. This 
conjecture is quite a bit down the line from the work shown 
in Hocking et al., but their conclusion that CAX antiporters 
could have different functional properties depending on the 
specific isoforms making up the dimer protein does raise it as 
a possibility.
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Understanding the plant response to nitrate availabil-
ity is crucial for sustainable agriculture. In viticulture, 
there is an additional element to consider: the choice 
of scion–rootstock couple, which allows the manage-
ment of environmental cues (including nitrate availa-
bility) and productivity. Using the two rootstocks 1103 
Paulsen and Riparia Gloire de Montpellier, known to 
confer different vigour to grafted Cabernet Sauvignon 
scions, Cochetel et al. (2017) have now performed the 
first genome-wide transcriptome study indicating the 
genetic basis of the response to heterogeneous nitrate 
supply in this situation.

Some of the first written evidence of  the use of  grafting for 
grapevine (Vitis vinifera) cultivation is an ancient Sumeric 
text, interpreted by historians as referring to a technique 
for coping with an environmental stress (Mudge et  al., 
2009). From its ancient discovery through development in 
the 19th century, today grafting is applied to more than 
70 woody perennial crop species cultivated for their fruits 
(Warschefsky et al., 2016). As reported by Warschefsky et al. 
(2016), among the wide list of  primary targets for rootstock 
selection is a capacity to confer tolerance to biotic and abi-
otic stresses (such as nutrient scarcity), and in parallel to 
assure the best possible productivity of  the scion. Nitrogen 
availability and nitrogen-use efficiency (NUE) are now high-
priority research topics in the context of  sustainable agricul-
tural development (Zhang et  al., 2015) and, during recent 
decades, the molecular mechanisms of  nitrogen sensing in 
fluctuating environments have been deciphered (reviewed by 
O’Brien et al., 2016).

Different rootstocks can differently modulate the growth of 
a given grapevine scion. For example, a Cabernet Sauvignon 
(CS) scion grafted onto a Riparia Gloire de Montpellier (CS/
RGM) rootstock is less vigorous than the same CS scion 
grafted onto a 1103 Paulsen (1103P) rootstock (Lecourt 
et al., 2015). The Cochetel et al. paper is the first report on the 
transcriptional reprogramming which occurs in these root-
stocks (RGM and 1103P) when subjected to a nitrate-varying 
environment. The experimental set-up allowed the identifi-
cation of modules of genes that were: (i) specifically linked 
to a rootstock genotype, (ii) common to the grapevine root 
response to nitrate and (iii) specific to the nitrate response of 
one variety of rootstock. The large amount of information 
obtained in this work on rootstock-specific gene modules will 
be a valuable source of molecular markers for selecting top-
performing rootstock–scion combinations.

Hubs for nitrate-responsiveness of 
rootstocks

Studying gene regulatory networks allows the identification of 
hubs, which are potentially key regulators of a specific condi-
tion (genotype and/or treatment). This approach was used to 
identify key factors that regulate nitrogen-responsive networks 
in Arabidopsis (Gutiérrez et al., 2008; Canales et al., 2014). Even 
though phylogenetically distant, Cochetel et al. have now dem-
onstrated that grapevine and Arabidopsis share a common set 
of genes regulated by nitrate availability. For example, they show 
that VvNRT2.4a, a member of the high-affinity nitrate trans-
porter family, is modulated by N supply in the two rootstocks.
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