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Abstract

The role of carbon dioxide (CO5) as a signal in biochemical regulation networks of plants is fathomed. Transport mechanisms of
CO; and HCO3™ are surveyed, which are the prerequisite for signalling. A CO, sensor is not known to date, but any reaction where
CO,/HCO3™ is a substrate can be a candidate. Carbon concentrating mechanisms, e.g., in higher plants C4-photosynthesis and
crassulacean acid metabolism (CAM), generate high internal CO; concentrations, important for photosynthesis, but also as a basis
for signalling via diffusion of CO,. Spatiotemporal dynamics of desynchronization/synchronization of photosynthetic activity over
leaves can be followed by chlorophyll fluorescence imaging. One example of desynchronization is based on patchiness of stomatal
opening/closing in heterobaric leaves due to anatomic constraints of lateral CO, diffusion. During CAM, largely different internal
CO, concentrations prevail in the leaves, offering opportunities to study the effect of lateral diffusion of CO, in synchronizing
photosynthetic activity over the entire leaves. To cite this article: U. Liittge, C. R. Biologies 330 (2007).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Signalisation par le dioxyde de carbone dans les feuilles des végétaux. On détermine le rdle que joue le dioxyde de carbone
(CO;) dans le réseau des régulations biochimiques chez les plantes. On procede a 1’étude des mécanismes de transport de CO; et
HCO3 ™, mécanismes qui sont a la base de la signalisation. On ne connait actuellement aucun senseur de CO;, mais toute réaction
admettant COp/HCO3 ™~ comme substrat est un candidat potentiel. Chez les plantes supérieures, les mécanismes de concentration
du carbone tels que la photosynthese en Cy4 et le métabolisme acide des crassulacées (CAM) génerent de fortes concentrations
internes de CO», lesquelles non seulement jouent un role important dans le processus de photosyntheése, mais interviennent éga-
lement dans la signalisation par le biais de la diffusion de CO5. Par I'imagerie par fluorescence de la chlorophylle, on peut suivre
la dynamique spatiotemporelle de désynchronisation/synchronisation de 1’activité photosynthétique des feuilles. Un exemple de
désynchronisation est fourni par la répartition en patches de I’ouverture/fermeture des stomates dans les feuilles hétérobares, en
raison des contraintes anatomiques qui s’exercent sur la diffusion latérale du CO,. Dans le cas du CAM on peut trouver des
concentrations tres diverses de CO, dans les feuilles, ce qui permet d’étudier les effets de la diffusion latérale de CO; sur la
synchronisation de I’activité photosynthétique dans la feuille entiere. Pour citer cet article : U. Liittge, C. R. Biologies 330 (2007).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

* This paper is the written form of a talk given in a common meeting of the French Academy of Sciences and the French Academy of Agriculture
on the topic of plant sensitivity to environmental stimuli.
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1. Carbon dioxide in relation to general aspects of
signalling in plants

Regulatory networks in systems biology of plants re-
spond to various signalling elements such as:

e clectromagnetic radiation of

o ultraviolet radiation with tetra-hydrofolic acid as
receptor,

o blue light with the receptors cryptochrome and
phototropine,

o red light with the phytochromes as receptors;

e clectric signals, with local and action potentials at
membranes for short-distance signalling and action
potentials transmitted over long distances via the
sieve tubes of the phloem [1,2];

e primary phytohormonal messengers;

e secondary messengers, particularly Ca®t jons,
cyclic AMP (cAMP), and possibly also pH;

e metabolic messengers, particularly substrates in
carbon and nitrogen metabolism, but also in oxygen
metabolism with reactive oxygen species (ROS),
where HyO; is often seen as a messenger.

It has long been recognized that the transport of
metabolites is carrying information for regulatory pro-
cesses [3] and a large amount of literature is accumulat-
ing about this. With this background, it appears plausi-
ble to consider also carbon dioxide (CO») as a potential
powerful signal molecule in metabolism. Currently CO;
receives much attention as an environmental cue due to
dramatic anthropogenic increases of atmospheric CO;
concentrations and the potential dangers related to the
non-homeostasis of this global climatic factor. Within
plants, CO; is a central element of biochemical net-
works.

2. CO; in biochemical networks
2.1. Transport

Carbon dioxide is transported in the plants via vari-
ous ways. It diffuses in the gas phase and in the liquid

phase. In the latter, diffusive resistance is high and diffu-
sion mostly occurs after equilibration with water in the

form of bicarbonate, an important reaction catalysed by
the enzyme carbonic anhydrase:

CO; + H,0 =HCO;~ +H"

In the gas phase, transport from the atmosphere into
the internal leaf air spaces is restricted by cuticular and
controlled by stomatal resistance. Transport to the pho-
tosynthetic carboxylation sites is restricted by internal
diffusion resistances made up of resistance in the gas
phase of the intercellular spaces, liquid-phase resistance
in the cell walls and within the cells, and membrane
resistance of the chloroplasts. Transport of both CO»
and HCO3;~ across various membranes can be medi-
ated by facilitated or active transport [4,5]. HCO3z™
transporters are known in membranes [6—10]. CO; is
moving across membranes via water channels, i.e. the
well-known aquaporins [11-14]. Lateral CO; diffusion
over larger distances in the air spaces within leaves is
determined by the homobaric or heterobaric nature of
the leaves [15—17]. In homobaric leaves at steady state,
no conspicuous partial pressure differences of gases in-
cluding CO; are expected over larger lateral distances.
When part of a leaf is darkened, it can be shown that
respiratory CO; can laterally diffuse over distances as
large as 8 mm from the darkened parts into illuminated
parts where it may be used as a substrate in photosyn-
thesis [18-22]. Conversely, in heterobaric leaves, due to
anatomical constraints of lateral diffusion mainly given
by the arrangement of vascular bundles, patchiness of
internal gas partial pressure may build up [18,22].

2.2. Carboxylation reactions

CO; sensors in metabolism potentially can be any
carboxylation reaction, such as:

e ribulose-bis-phosphate carboxylase/oxygenase (Ru-
bisCO), the CO,-fixing enzyme in photosynthesis,

e phosphoenolpyruvate carboxylase (PEPC) forming
oxaloacetate and in a subsequent step of reduction
malate from phosphoenolpyruvate (PEP) and CO,,
which is important in anaplerotic reactions of basic
metabolism as well as in primary CO, fixation in
the modifications of photosynthetic metabolism Cy-
photosynthesis and crassulacean acid metabolism
(CAM), respectively,
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e acetyl-CoA-carboxylase, which forms malonyl-
CoA from acetyl-CoA and CO; in a two-step re-
action of biotin carboxylase and a carboxyl trans-
ferase,

e RubisCO activase, which activates RubisCO by car-
bamylation binding of CO; to the enzyme mole-
cule,

e formation of carboamyl-phosphate from CO,, glu-
tamine and ATP, which is essential in pyrimidine
synthesis and in the urea cycle,

e carbonic anhydrase catalysing the CO»/bicarbonate
equilibrium (see Section 2.1).

RubisCO-activase is a regulatory enzyme and could
be involved in signalling systems at least at the level
of CO; fixation in the chloroplast stroma. Pyrimidine
biosynthesis is important for formation of nucleic acids
and there might be a connection to regulation at the
molecular level. Chloroplastic carbonic anhydrase, as
recently suggested, may be the CO,-sensor of a ma-
rine diatom (Phaeodactylon tricornutum) for perception
of CO; at the ocean surface [23]. Carbonic anhydrase
is a key enzyme in various internal CO,-concentrating
mechanisms (see Section 3).

3. Inorganic carbon concentrating mechanisms
(CCMs)

CCMs are important because RubisCO has a remark-
ably low affinity for CO, and at atmospheric CO> con-
centration it operates well below substrate saturation.
By affecting CO»/HCO3~ equilibria, carbonic anhy-
drase may modulate concentration gradients important
for diffusion. Thus, it has been proposed that the en-
zyme plays an important role in CCMs in algae and also
in chloroplasts [24,25]. At a pH of 8.0 in the chloro-
plast stroma, it would shift the equilibrium towards
HCO37, so that the diffusion gradient for CO, across
the stroma would be increased [26]. However, there is
no clear evidence that this enhances photosynthesis. It
was also shown that a reduction in chloroplastic car-
bonic anhydrase activity of two orders of magnitude did
not produce a major limitation on photosynthesis at at-
mospheric CO» levels [27] and high levels of RubisCO
activity may be an alternative to CCM [28].

In the CCM of cyanobacteria, inorganic carbon is
accumulated in the cells in the form of HCO3;™ af-
ter diffusive uptake of CO, and/or HCO3;™ transport.
At the cytoplasmic face of the thylakoid membranes,
a COs-hydrating complex, which is part of a proton
channel and driven by cyclic electron transport of pho-
tosystem I, converts CO, to HCO3~, which is then

taken up by HCO3™ transporters. HCO3~ enters the
RubisCO-containing carboxysomes, where carbonic an-
hydrase catalyses conversion to CO,, which, together
with a restricted CO; leakage from the carboxysomes,
results in elevated CO; concentration at the CO;-fixing
enzyme RubisCO [5].

CCMs in leaves of higher plants are the modifi-
cations of photosynthesis of C4-photosynthesis [29]
and crassulacean acid metabolism (CAM) [30]. In both
cases, primary CO; fixation is not via RubisCO, but via
PEPC, which has an about 60 times higher affinity to
CO, than RubisCO. For the function of PEPC, carbonic
anhydrase is important [31], because the actual substrate
of PEPC is HCO3 ™~ and not CO;.

In the Cy4-plants, the organic acids formed (malate
and in some cases aspartate) are transported from a
peripheral green ‘mesophyll tissue’ into green bundle-
sheath cells, where they are decarboxylated, making the
CO;-available for refixation and assimilation via Ru-
bisCO. The process leads to an about 6-fold higher CO;
concentration in the bundle sheath cells as compared to
atmospheric concentration.

In CAM plants, we distinguish four diurnal phases.
In the dark period, phase I, atmospheric CO; is fixed
via PEPC. Organic acids, i.e. malate and in some cases
citrate, are stored in the cell sap vacuoles. After a transi-
tion phase (phase II) in the early morning, organic acids
are remobilized from the vacuoles and decarboxylated
behind closed stomata for provision of CO; to be fixed
and assimilated via RubisCO (phase III). This leads
to the very considerable internal CO; concentrating of
0.08-2.5% or 2.0-62.5 times the atmospheric concen-
tration in different species of CAM plants (see [30]).
This phenomenon provides an excellent opportunity to
study lateral diffusion of CO; in leaves and CO; sig-
nalling functions (see Section 4). Environmental condi-
tions permitting stomata may open in the later afternoon
in phase IV for uptake of atmospheric CO, and fixation
via RubisCO.

4. Heterogeneity of photosynthesis in leaves:
desynchronizations and synchronizations

Spatiotemporal dynamics of photosynthesis over en-
tire leaves can be followed by chlorophyll fluorescence
imaging [32-36]. When a picture of chlorophyll a flu-
orescence of photosystem II (PSII) is taken at a low
irradiance (LOW) of measuring light, this corresponds
to the ground fluorescence of the light adapted leaf (F”),
and when then a picture is taken at a light saturat-
ing flush of high irradiance (HIGH), this corresponds
to the maximum fluorescence of the light-adapted leaf
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(F})). Thus, in direct analogy to the calculation of ap-
parent quantum yield of PSII, i.e. AF/F, = (F;, —
F')/F.,, relative quantum use of PSII can be obtained
as ®PSII = (HIGH — LOW)/HIGH. Taken over time,
such pictures allow assessment of spatiotemporal dy-
namics of ®PSII, providing a means of assessment of
the desynchronization/synchronization of photosynthe-
sis in patches of leaves under various conditions and
allowing one to ask the question to which extent lat-
eral diffusion of CO; is regulating the spatiotemporal
dynamics.

4.1. Stomatal patchiness

A pertinent phenomenon is stomatal patchiness,
which is observed in heterobaric leaves [37,38]. It is
based on the fact that internal CO, concentration in the
air spaces of leaves is the signal for the movements of
stomatal guard cells, where high CO, concentrations
lead to stomatal closure and lower concentrations to
stomatal opening [39—41]. Little is known about the sig-
nalling pathway [38,41,42], and the CO, sensor is not
known (see Section 2.2). It is possible that gradients
between atmospheric and leaf internal CO, concentra-
tion are sensed [43]. The phytohormone abscisic acid,
cytoplasmic concentration of the secondary messenger
Ca?*, as well as blue and red lights modulate sensitivity
of stomatal guard cells to internal CO; [41]. Activation
of ion channels operating in regulation of osmotic po-
tentials in stomatal guard cells may also be involved
[42,44]. In any event, it is evident that when CO; con-
centration differs in isolated internal air spaces, and
thus, in sub-stomatal cavities in the leaves of hetero-
baric plant species also, patches of different stomatal
opening (‘stomatal patchiness’) may occur over the
leaves.

4.2. Spatiotemporal dynamics of ®PSII in relation to
CO; and Oy competition at the substrate-binding site
of RubisCO

RubisCO has dual substrate reactivity with either
CO; or O,. The former, i.e. the carboxylase function,
leads to inorganic carbon assimilation. The latter, i.e. the
oxygenase function, leads into photorespiration. Pho-
torespiration can be measured on line with gas ex-
change when regularly short-term pulses of air with
1% O, are applied. This increases the CO,/O; ratio
in the air to such an extent that non-photorespiratory
conditions are established. At 1% O,, CO;-gas ex-
change then corresponds to the maximum carboxyla-
tion capacity of RubisCO and at 21% O in normal

air to the actual carboxylation rate. The difference be-
tween the two represents the rate of photorespiration
[45,46]. Studies were made with plants of the C3/CAM-
intermediate species Clusia minor acclimatized to per-
form Cz-photosynthesis and CAM, respectively.

In the C3-mode of photosynthesis, photorespiration
was rather constant over the entire light period. In
the CAM mode, it depended on the CAM phases. In
phase II, during the onset of the internal CO; concen-
trating process, with increasing internal CO, concen-
tration, it was less than in the Cz-mode. In phase III,
it could not be measured, as with stomatal closure the
impact of changes of Oy concentration in the external
gas phase was much reduced or eliminated. In phase IV,
photorespiration was higher than in the C3-mode. This
may be explained by a high internal O, concentration
still remaining in the leaves from phase III, because,
in this phase, when CO; concentration is highly raised
and photosynthetic CO, assimilation operates at high
rates with substrate saturation of RubisCO, high inter-
nal oxygen concentrations up to 40% are also building
up [30,47,48].

With respect to patchiness or heterogeneity over the
leaves and putative desynchronization/synchronization
mechanisms, concomitant determinations of ®PSII are
most informative. ®PSII is a measure of the photosyn-
thetic use of irradiance and excitation energy. From the
chlorophyll fluorescence images, its degree of hetero-
geneity can be calculated using the nearest-neighbour
matrix concept [49]. In the C3-mode, ®PSII was con-
stant under 21% O, throughout the light period and it
was strongly reduced under 1% O, when photorespira-
tion was eliminated. This is due to the higher energy
demand of photorespiration as compared to CO; assim-
ilation [50-52]. Heterogeneity was generally low and
constant under 21% O,. Howeyver, it increased drasti-
cally in the non-photorespiratory conditions under 1%
O;. This means that the high photorespiratory energy
demand has a stabilizing effect on the overall energy
use of the leaves and synchronizes energy use over the
entire leaves. In the CAM-mode, ®PSII was highest in
phase III when photosynthesis was substrate saturated.
In phases II and IV, a reduction by 1% O, was observed
as in the C3-mode. Heterogeneity, however, was much
more dependent on the CAM phases than on the appli-
cation of 1% O». This indicates that the heterogeneity
observed under 21% O; in the CAM-mode is a par-
ticular feature of CAM and due to desynchronization
processes when dramatic changes of internal CO, con-
centration and hence CO; signalling occur in the transi-
tions between phases (see Section 4.3).
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4.3. Crassulacean acid metabolism

4.3.1. Day/night cycles

In the obligate CAM plant, Kalanchoé daigremon-
tiana heterogeneity of ®PSII was always very high in
phases II and IV when internal CO; concentration was
low. It declined between phases II and III when a high
internal CO; concentration built up and increased again
between phases III and IV. When ®PSII was followed
in three separated patches as it declined from maxi-
mum to minimum, the patches became desynchronized
and when ®PSII rose again to maximum values, they
were resynchronized. Heterogeneity was constantly low
in phase III [35,36]. This strongly suggests that internal
CO;, is the signalling element in synchronizing photo-
synthetic activity over the leaves in phase III. In many
cases, during the transition from phase III to phase IV,
wave fronts of high ®PSII that were initiated at dif-
ferent spots on the leaves were seen to run in oppo-
site directions and proceeded to meet each other when
they extinguished rather than to superimpose on each
other [36]. This is another hint for the suggestion that
diffusive processes must be the underlying mechanism.

Structurally, with respect to leaf-vein anatomy,
K. daigremontiana appears to have homobaric leaves.
However, the leaf cells are very densely packed and the
entire internal air spaces make up only 3% of the whole
leaf volume. Constraints for lateral CO; diffusion in the
leaves have been demonstrated and it was concluded
that K. daigremontiana leaves are functionally hetero-
baric [53]. This is confirmed by the heterogeneity of
®PSII in relation to CAM phases. Internal constraints
to CO; diffusion in CAM plants are also demonstrated
by studies of carbon isotope ratios (A'3C), showing iso-
tope effects of diffusion [54].

4.3.2. Endogenous circadian rhythmicity

In the C3/CAM intermediate species C. minor in both
modes of photosynthesis, there are endogenous free run-
ning circadian oscillations of CO; and water vapour gas
exchange and photorespiration in continuous illumina-
tion. ®PSII only oscillated in the non-photorespiratory
conditions under 1% O, a value under which the de-
gree of heterogeneity also oscillated [55]. These obser-
vations confirm the findings and conclusions gained for
the normal day/night cycles (Section 4.2), i.e. that under
varying energy demand, photorespiration has a compen-
sating effect on ®PSII and stabilizes and synchronizes
the energy use in the whole leaf.

Some facets of endogenous circadian oscillations
of CAM in constant conditions, including continuous
illumination in the obligate CAM-species K. daigre-
montiana, however, provided more definitive evidence

for the synchronizing role of lateral CO, diffusion in
leaves. It was found in this plant that there is an up-
per temperature threshold, above which regular endoge-
nous rhythmicity is lost and gas-exchange patterns be-
come arrhythmic. This is reversible when temperature is
lowered again [56-58]. It was seen then, however, that
reversibility only occurs when temperature is lowered
abruptly from above the threshold back into the rhyth-
mic domain. When temperature is reduced gradually,
rhythmicity is not recovered [59]. The interpretation of
this phenomenon was that a rather strong signal was re-
quired to synchronize individual oscillators present in
all green CAM performing cells of the leaves. It could
be supported by theoretical model simulations with cou-
pled oscillators reproducing the experimental observa-
tions [60]. The individual oscillators are functionally
based on the synthesis and breakdown of malate and the
biophysics of malate compartmentation, viz., vacuolar
accumulation, and remobilization dynamics [61].

A rather simple experimental approach then led to
clear evidence of the involvement of lateral CO, diffu-
sion in signalling for synchronization [62]. The leaves
of K. daigremontiana are amphistomatic, having stom-
ata on both sides. In localized places on a leaf, both sur-
faces were covered with inert transparent silicon grease,
creating an artificial patch where stomata were occluded
and CO, uptake from the atmosphere was prevented
at any time. The leaf was then kept in continuous il-
lumination above the temperature threshold, i.e. in the
arrhythmic domain. Gas exchange integrated over the
whole leaf and ®PSII recorded by chlorophyll fluo-
rescence imaging remained more or less constant, and
®PSII was much lower in the greased part, where ex-
ternal CO; was not available, than in the adjacent non-
greased leaf tissue. Then temperature was abruptly low-
ered in the rhythmic domain. Whole-leaf gas exchange
immediately started its first period of endogenous os-
cillations, with increased stomatal opening and CO;
uptake. In the non-greased parts of the leaf, ®PSII in-
creased somewhat and then remained rather constant, as
stomata opened further and atmospheric CO; uptake in-
creased. In the greased patch, where atmospheric CO;
could not be taken up, ®PSII declined. Then, during the
first period of the oscillations, stomata began to close
and CO, uptake was reduced until it reached its lowest
level. ®PSII remained high in the non-greased parts and
low in the greased part and did not change very much
until the lowest point of gas exchange was reached. This
point indicated that, in the endogenous oscillation, the
system had changed from assimilating atmospheric CO;
to the use of CO, derived from vacuolar malate and
to internal CO, concentrating (Section 3). The latter,
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of course, was only possible in the non-greased parts,
because the greased parts had not been able to take up
CO; before and to synthesise malate and store it in the
vacuoles. Nevertheless, at this very point, ®PSII in the
greased patches increased abruptly and reached a level
similar to that of the non-greased parts. This can only
be explained by lateral CO; diffusion from the non-
greased parts, where it was produced from malate, to
the greased parts, supplying substrate for RubisCO and
the use of photosynthetic energy, as indicated by ®PSII.
The events described were repeated in subsequent peri-
ods of the endogenous oscillations.

5. Conclusions and perspectives

Well-known gaseous messengers in regulation net-
works of plants are ethylene and nitric oxide. Carbon
dioxide may be an additional one, functioning as a
signal molecule in synchronizing metabolic processes
especially related to photosynthesis in leaves. Infor-
mation on transport processes being a prerequisite for
a signalling function is accumulating, and more is to
be expected from intensive current aquaporin research.
The quest for a possible central CO; sensor remains
open. Alternatively, CO; sensing may be decentralized
in various carboxylation reactions. Interactions via pH
effects, especially in CO,-concentrating mechanisms,
e.g., in crassulacean acid metabolism [61], have so far
received not enough attention. Regulatory responses at
the gene level remain to be tackled.
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