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Abstract

Mesophyll diffusion conductance G@ a key photosynthetic trait that has been studie
intensively in the past years. The intention of phesent review is to update the knowledgean
and highlight the important unknown and controw@rsispects that require future work. The
photosynthetic limitation imposed by mesophyll cocténce is large, and under certain conditions
it can be the most significant photosynthetic latidn. New evidence shows that anatomical traits,
such as cell wall thickness and chloroplast distidn are amongst the stronger determinants of
mesophyll conductance, although rapid variationseesponse to environmental changes might be
regulated by other factors such as aquaporin cdadce.

There are a number of gaps in knowledge that sHmilshajor research priorities for the
near future include, how different is mesophyll doctance among phylogenetically distant
groups and how has it evolved? can it be uncoupded the water path regulation? what are the
main drivers of mesophyll conductance? The needfarhanistic and phenomenological models
of mesophyll conductan@nd its incorporation in process-based photosyigtimesdels is also

highlighted.



1. Introduction

Photosynthesis in plants has been considerecefdis to be limited only by two factors:
the velocity of diffusion of C@through stomata and the capacity of photosyntme#ichinery in
leaves to convert light energy to biochemical epengd fix CQ into sugars. While diffusion is a
passive physical process, it can be subject t@le¥gulation in plants. According to Fick's law,
diffusion depends on substance (e.g.)adffusivity, which differs depending on tempenaglut
also on the nature (mainly viscosity) of the madia/hich diffusion occurs (e.g. water, air, etc.),
and the distance of diffusion. Since the mesoptathway consists of a complex array of
‘physical barriers’ to C@diffusion, including air, cell walls, lipid memhbwas and liquid
cytoplasm and stroma, differing both in nature sizé (i.e. 'distance’), there is a large variation
among leaves in diffusion conductance to,@0Qthe mesophylldy), and the latter can be
regulated by changing either the distance or thereaf (part of) the diffusion pathway inside
leaves.

Early studies already suggested that the diffusfd@O, from sub-stomatal cavities to the sites of
carboxylation inside chloroplasts could limit ph®fathesis (e.g., [1-3]), which has become more
evident after several methods for the estimatiogydiave become more available — including a
method based ofiC-discrimination during photosynthesis[4], a metisochbining chlorophyll
fluorescence and gas exchange measurements [5d 6hadel-based methods [6-8]. For details on
methods fog, estimation, the required precautions when usingntaed specific strategies of
adjustment, see refs [9], [10L1]. Thus, although during decades the majorityeskarchers
considered), large enough not to significantly limit photosyesis, it has become now evident
that thatgn, is the third major player in the process of phytbisesis, together with stomatal
conductance and biochemical capacity.

The current understanding grn has been recently reviewed [12]. In addition, gfzec

reviews on the mechanisms regulatgag13], and on the ecophysiological and ecological



significance ofy, [14-16] have been published. These papers aoen@ended as the best
introduction to the importance gf, in plant physiology. As there has been rapid gain
understanding df,, the aims of the present paper are: (1) to updédemation of current
knowledge accumulated after the recent reviewsta(@jscuss the most obscure / controversial
aspects o, function and regulation, such as its responseQg 6r how much it limits
photosynthesis; and (3) to highlight the obvioussga knowledge on this subject and the future

research needs.

2. How different is g,, among phylogenetically distant groups and how have

mechanisms controlling g, evolved?

The rate of diffusion conductance to £i@ the mesophylld,) has now been estimated for
more than 100 species, and it is now possibledaochdor phylogenetic / evolutionary patterns.
The vast majority of estimates aof, gre for Spermatophytes [14] (angiosperms and
gymnosperms), with only very few data for livervgoand hornwortgl7]. Most surprisingly there
are no measurements available for phylogenetigaiérmediate groups such as mosses,
lycophytes, equisetophytes, or ferns. This cortstita serious gap in our knowledge that
precludes driving any broad conclusion as for th@wgion of mechanisms controllirg,.

Some valuable information can nevertheless baradatdby comparing the existing data for
liverworts and hornwort gametophytes with thoseSpermatophytes belonging to different
phylogenetic and/or functional groups (Fig.1). istfsight, it is evident that there are variatioms
the average rate gf, among different plant groups, and that these trania are more closely
correlated with evolutionary advancements than atahtonductanceyy. The largest values for
both conductances are found among non-woody argios) whereas grasses present somewhat

highergn, values than annual dicots (Fig. 1). The lowestieslare found in liverworts and



hornworts for whiclgs is set as zero as they lack stomata, and@® to diffuse through the
cuticle and epidermis. Among Spermatophytes, cangbow the lowest values. Since
angiosperms are evolutionary more recent than ggperons and non-Spermatophytes (the
earliest fossil records for conifers dating bacR® Myr as compared to 200 Myr for
angiosperms) and grasses represent a relativaiptregolutionary event (ca. 70 Myr), an
evolutionary trend towards larggy thangs values is plausible. Accordingly, gas exchange
capacity of Angiosperms was greatly increased ¥ahg the Cretaceous period in association
with leaf morphological changes [18].

A closer inspection reveals that significant difieces also appear among angiosperms as a
function of their functional type or growth formeHce, herbaceous plants show the highest
values, followed by semi-deciduous and deciduousishand trees, while the lowest values are
found in evergreen shrubs and trees, similar tedltisplayed by gymnosperms. Therefore, at
least, part of the observed variation may not otfolutionary trends but is simply the result of
adaptations to particular growth forms and/or emvinents, e.g., thicker leaves having loggr
(see next section). Conversely, in some of thepgalisplayed in Fig. 1, the number of species
included is low and biased. For instance, thereahgthree genera within grasses (monocots) for
which g, has been determinedr{ticum, OryzaandPhragmite$, while herbaceous genera are
dicots. Hence, currently available data do notvaliisstinguishing patterns between monocots and
dicots, or separating the effects of life form gingylogenetic position.

In the case of hornworts and liverworts, estimafeas, are five orders of magnitude
smaller than for Spermatophytes (Fig. 1 inset).dileghe fact that hornworts and liverworts lack
stomata and show a low degree of cuticularizativey may contain some kind of cuticle or
procuticle whose conductance could afiggestimates. However, the conductance te GQhe
thicker and more developed cuticle of higher plasready around 2.5 Tonol m? s*[19], i.e.,

still an order of magnitude larger thgq estimated in Bryophytes [17]. This evidence sutges



that hornworts and liverworts present a truly iestd g, which may explain their slow growth.
Again, this strongly suggests the occurrence ahaniutionary trend towards highg, although
knowledge ofy, values of intermediate groups — i.e. mosses amnd femay be necessary to
confirm such a trend. It is remarkable that valieesd for bryophytes are similar to the lowest
values of CQ permeabilities reported for biological membrarn8]. It is not known whether this
means that internal GQ@liffusion in tissues of early land plant forms de@ds on simple diffusion
through membranes without facilitating agents saglquaporins. Of the genes encoding for
proteins possibly facilitatingy, in higher plants (see section 3), no aquaporiar¢bed as putative
PIP1 family - i.e. Plasma membrane Integral Protgjene) or carbonic anhydrase has been
described for hornworts, liverworts, lycophytesyisgtophytes or ferns, and only two putative
genes for PIP1 but up to 13 for carbonic anhydnase been described in mosses
(www.ncbi.nlm.nih.gov/genbank/). However, this does necessarily mean that these
genes/proteins do not exist is these groups, asfeerdata are available in databases for the
genome sequences of these species groups. Mor@otieese groups the importance of carbon
concentrating mechanisms involving carbonic anhs@sapyrenoids, carboxysomes, etc. probably
mask the importance @f, -related components.

In summary, there is a significant gap in knowkedgncerning phylogenetic/evolutionary
trends ingm. To overcome this gap it may be necessary to demdpita for monocot species of
families other than Poaceae as well as for lowengosuch as lycophytes, equisetophytes, ferns
and mosses. These data should be measured undantkeznvironmental and developmental
conditions to derive phylogenetic implications frantrait likegm,, which is under strong
environmental control. This knowledge will help enstanding the evolution gf,, the

mechanisms involved and the extent of co-variatiogy, andgs.



3. New evidence asfor the main deter minants of gy,

3.1. Changing the nature of the diffusing molecule: carbonic anhydrases

CO, molecules passing from sub-stomatal cavities toroplasts diffuse through gas-
phase in leaf intercellular air spaces, liquid ghiascell walls, cytosol and chloroplast stroma and
lipid phase in plasmalemma and chloroplast envetopmbranes (Fig. 2). The rate of diffusion
through the composite segments of the diffusiohyway depends on the effective thickness and
diffusivity of each component section [16]. “Effa&” denotes the circumstance that the diffusion
path length is generally longer than the lineatatise from sub-stomatal cavities to chloroplast
due to tortuosity and/or limited porosity of théfasion pathway [20]. Diffusion coefficients for
CQO; in free water, tabulated in physical chemistrydi@oks cannot be directly applied to leaves
due to presence of solutes and macromoleculegquidliphase components of the diffusion
pathway, changes in pH, temperature, etc. [20].ddeer, CQ can interconvert with HCinside
leaf cells in a reversible reaction catalyzed Iipoaic anhydrases. Since the diffusivities ofCO
and HCQ' as well as their pH and temperature dependeniffes [21] carbonic anhydrases could
play a role on the regulation gf, by means of changing the nature of the diffusimjecule.

Early work [22, 23] showed that extremely high refilon in carbonic anhydrase activity
did not result in major photosynthetic limitatidtiowever, it has been also shown that the
contribution of carbonic anhydrasedgis species dependent, and their role may become mo
important whergn, is low as in sclerophyllous species [24]. Moraaweany different carbonic
anhydrases, with different cellular locations hbeen characterized [25] and it has been
suggested that carbonic anhydrases can accouft of fotal protein, and those located in
chloroplastsCA1 andpCA5) could potentially contribute to increagg Up to now, however,
genetic modification of different forms of carbomichydrases iArabidopsis either chloroplastic
or not, have resulted in differently phenotypesedifg in growth but with no measurable

difference ingm, (Genty, personal communication). Despite of threselts, a role of carbonic



anhydrases in the regulationgyfin some species and/or under certain conditionaatebe ruled

out.

3.2. Changing the nature of the diffusing medium: aquaporins
Besides the nature of tlfusing moleculdi.e., CQ or HCQ), carbon dioxide diffusion can be
altered either by the nature or the distance oflifiesion media Concerning the nature of the
diffusion media, the lipid phase is presumably monéting for CO, diffusion than the aqueous
phase and this in turn more limiting than the aiage. Membranes (cell, chloroplast) constitute the
physical components of the lipid phase. Althoughrtite of diffusion of C@through membranes
has been often considered very large and the pipase assumed to have a negligible effect on
CQ, diffusion, there is still a debate over the dedceehich biological membranes are permeable
to CO,, and estimated permeation coefficients vary oegegal orders of magnitude [26-28]. With
the discovery of aquaporins, it has been suggelsttdipart from their function in facilitating
water diffusion across membranes they constitlkigyameans for regulating G@iffusion
through membranes [29-31]. Altered expression aobaqrins has been shown to result in changes
in membrane permeability to G@ plants [32, 33] and in animals [30, 34]. Expezntal
evidence in favor of an important role for aquapsiin CQ diffusion in intact leaves comes from
studies demonstrating enhanced photosynthesisimigbver-expressing aquaporins, and reduced
photosynthesis in genetically modified plants wittpaired aquaporin function (Fig. 3). These
changes are driven at least in part by changgg [82-36]. Similarly, reduced photosynthesis and
Om are observed in plants in which aguaporins haea oehibited by HgGI[37-39]. However,
genetic transformation to change aquaporin expyesaid HgGl inhibition also lead to
simultaneous changes in net £&3similation ratesA() and stomatal conductanag)((Fig. 3, 4)
[40]. Indeed, the relative diffusion limitation photosynthesis due th, is directly related to the

CO, drawdown from sub-stomatal cavities to chloro@dSt-C. = A./gm) that depends ogy, An



andgs (G =f(An, g9)) [41, 42]. Therefore, demonstrating changeg,iis not sufficient to confirm
an alteration in the degree to which mesophyliugiin limits photosynthesis.

Inherent limitation of drawing broad conclusionsm such studies is the lack of biological
replication, even if multiple transformed lines kayeen used in specific studies. So far, no study
with transformants has looked into the changesiantjtative limitations between biochemistry,
stomata and mesophyll diffusion. We calculatedithéations of photosynthesis due to stomata
(Is), mesophyll diffusion conductanci, and biochemistryl{) according to Grassi and
Magnani[43]:

| = Gk
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wheregs cozis the stomatal conductance to £Q: is the total diffusion conductance for €O
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andk is the first derivative of net assimilation r&gwith respect to chloroplastic G@nd is
given as [44]:
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— _Cmax

CRTR ¥

whereVmaxis the maximum carboxylase activity of RubisCtis the hypothetical C®
compensation point in the absence of dark respiraindK, is the effective Michaelis-Menten
constant for C@that considers the competitive inhibition by. ubisco kinetic characteristics

were taken from Niinemets and Tenhunen [45] @ad/as the value reported in the given study.
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Due to lack of biological replication, we had twopdifferent aquaporins atpipl;2-1,
atpip2;3-1, Nt AQP1, HvPIP2;1 in the quantitatiiraitation analysis. Nevertheless, the analysis
with pooled data for photosynthesis, stomatal cotahvce and mesophyll conductance broadly
agreed with individual published studies, i.e.} thaerexpressed lines generally had higher values
of these traits, while antisense transformantsitnadr values (Fig. 3). Analysis of the quantitative
limitations further demonstrated that the degreg.gimitation of photosynthesis is larger in
plants with genetically reduced aquaporin levelg.(B). However, in modified lines with over-
expressed aquaporirg, limited photosynthesis to a similar degree asoimtiol plants due to the
parallel occurrence of reduced stomatal limitatieig. 3). In addition, genetic modifications in
aguaporins also led to alterations in the degrebeofimitation by photosynthetic capacygr se
(Fig. 3) and also can lead to changes in foliaggamy and photosynthesis [32-36].

Therefore, there is evidence for the involvemdraquaporins in limiting photosynthetic
CQO, assimilation rate, but it is unclear whether tioile is only due to their influence gp. As for
the thermodynamics of their involvementgi, simulations based on molecular models have
further indicated high activation energy for g@assage through aquaporin monomers, suggesting
that CQ movement through aquaporins is energetically wnave compared with passive
diffusion through membranes, except for highly pof@mbranes with low C{solubility [46-48].
However, the aquaporin family contains a large nemnad homologs [49, 50], and molecular
simulation studies indicate that the energeticieaagainst C@movement can be lowered by
only a few point mutations [47, 48], suggesting thaorinciple, aquaporins most probably exist
with widely varying permeability for dissolved gasArabidopsisaquaporin AtPIP1;2-1 has a
much higher permeability for Ghan AtPIP2;3-1 [32], supporting this conceptslpossible that
having different aquaporins with different actiwatienergies allows plants to regulate,CO
diffusivity and HO diffusivity more or less independently, althowgliter and CO2 conductances

are often co-regulated (see Section 7). In addiagmaporin tetramers rather than monomers may
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be functionally active in C@&conductance in tobacco [51]. This suggestionds abrroborated by
molecular simulations suggesting that the centxaitg of the tetramer requires almost 50% less
activation energy for facilitating CQliffusion than the aquaporin monomer [48]. Howetiais
barrier is still relatively large compared withelit diffusion through some highly hydrophobic
membranes [48], although the theoretical physiashmeters of a lipid bilayer are not necessarily
eqgual to those of a biological membrane [52]. Hls important to consider that all studies on
aguaporins have been conducted in herbaceous spatiiemesophytic leaves that have
intrinsically highgn, due to thin cell walls and high surfaces of chidasts exposed to

intercellular air species [14, 15]. In such spediles relative contribution of lipid phase
conductance to total diffusion conductance is etqukto be larger than in species with thick cell
walls and low surfaces of chloroplasts exposed ssdinees, in particular evergreen trees (Fig. 2).
The bulk of diffusion conductance in evergreensxigected to be in the liquid phase, for which

the diffusion distance can be largely variable.

3.3. Changing the diffusing distance: anatomical properties of leaves and cells
The diffusion distance is given by the size ofdiféerent anatomical components of the diffusion
path. In early studies, leaf anatomical charadiesisvere considered to constitute the chief
limitation of gy, [1, 53-57], and anatomical traits were used terigf, [54, 56]. At the time of
these early studies, the methods to estimgatead not yet been established, and a separation of
physical diffusion conductance (knowngstoday) and biochemical conductance, a variable
guantifying the photosynthetic capacity (chieflg ttarboxylase activity of Rubisco) under a
conductance formalism, could not be reliably achie\On the basis of anatomical measurements,
it was concluded that the physical diffusion cortdace inside the leaves was large compared
with the stomatal and biochemical conductances38k,However, these early studies did not

precisely characterize the thickness of cell watld cytosol. In addition, they assumed that the
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diffusion flux in aqueous and lipid phases variéthuhe ratio of exposed mesophyll ar&a to
total leaf area9) ratio SnedS) that characterizes the number of parallel diingpathways [54,
55]. This assumes that the exposed surface of rhgbagells is covered by chloroplasts. Yet,
recent studies have shown that the surface of exbdsoroplastsS) to leaf area ratioS/9) is
generally smaller thaf,.dS[15, 59-61], implying that the use 8f./Sas a substitute &/S
underestimates the anatomical constraints on d@ffius

So far, strong negative correlations betwggmand cell wall thickness have been demonstrated,
especially when differences 8/S are considered by calculatigg per unit exposed chloroplast
surface area [16]. However, there have been surglysfew quantitative analyses linkirgg, to

leaf anatomy. The few studies available demonsthatig),, can be quantitatively estimated from
leaf anatomical measurements, although certaimgssons on the tortuosity of diffusion path
length in gas phase, porosity of cell wall, effeetdiffusion coefficient in cytosol and chloroplast
and permeability of plasmalemma and chloroplaselape are needed [15, 62]. These
guantitative analyses have corroborated the caivelfindings of the role of cell wall thickness
andS/Sas the main determinantsgf across species with widely varying anatomy [1&hking
Om to detailed anatomical measurements is promisingtedious. Converselgy, has also been
correlated with integrated leaf traits such as tkgfmass per unit area, thickness and density [12,
14, 63]. Although strong relationships have beeseoled when pooling data from multiple
studies, especially for non-stressed plants [ighicant outliers such as Australian sclerophylls
have been denoted in other studies, reflectingititcemstance that high dry mass per unit leaf
area, thickness and density are not always asedondth thick cell walls [63, 64]. The
correlations between dry mass per unit leaf arélagarican also vary across environmental
gradients in water availability, that can alted @&ll thickness [15], and in light availability ah
can altelS/S[59, 65] at given values of leaf traits such asrdass per unit area, thickness and

density.
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4. Which environmental conditions does g, respond to?

Mesophyll conductance to G@esponds to environmental factors either in timg li@rm or
rapidly, i.e. in minutes-hours [10]. Recent revidvese already highlighted the incidence of
varying environmental conditions such as soil wateilability, salinity, growth irradiance and
temperature ogn, [12, 14]. In the recent years, the important dbntron of gy, in limiting
photosynthesis during drought and salinity has lemephasized, knowledge has improved as for
nutrient stress effects @, and many more data have been obtained regaitungpntroversial

effects of rapid changes in GG@oncentration og,.

4.1. Acclimation to and recovery after drought and salinity

Under drought and salinity, the degree of photdsssit limitation bygs andgn, is similar
(see Section 5), by, can respond to water deficit and subsequent rerimgtat different
velocities thargs [66-69]. Most remarkablyg,, acclimates and recovers during prolonged drought
in tobacco and grapevine plants [66, 67], whilsthressed soybeans it was hardly affected [70]
despite a significant reduction gfin all cases. In a study on tobacco [G§],andgs first
decreased during the onset of drought, whereasglatistained droughiy, recovered to control
values despite maintenance of IgwMoreover, drought interacted with environmental
conditions, sinc@y, did not decrease when the experiment was repaateder light intensities
and milder temperatures [59]. Thgg, does not necessarily respond in the same manmggr as
when stress is prolonged and factors other tharalids or water status impact gh.
Furthermoregm, exceeded control levels after re-watering in thederranean semi-deciduous
shrubCistus albidug71]. In C. albidus consecutive drought and re-watering cycles redutft a
drought cycle-dependent adjustment of leaf gasangh towards reduced limitation gy and

enhanced water use efficiency with each consecuatigke, while the evergreen o&uercus ilex
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had a very stable response during successive ¢yoVesringgmn andgs in parallel [71].
Acclimation ofgn, during prolonged drought and facilitated recovafiter re-watering represent an
effective way of optimizing C@diffusion transiently under limited GQ&upply, thereby boosting
photosynthetic activity and water use efficiencigafelief of stress. On the other hagg,and
photosynthetic activity can vary among ecotypethefsame species under similar water
availability due to differences in e.g. photosymitheapacity, osmotic adjustment and leaf
structure [69, 72]. Thus, plant growth form alo@mot explain the differencesgp response to
limited water availability, but may allow for coasting general trends in photosynthesis among
evergreens and deciduous species [73]. Whole ptantture also affects leaf diffusion
components and hence the capacity to recover fratsarvive drought, as observed in pre-
conditioned nursery plants of different age aneé §r4] and in the woody leguniosopis
velutina[75]. Low root to shoot ratios [74] as well astiag effects of hydraulic failure [75]

resulted in a delayed or only partial recovergg@find leaf gas exchange after re-watering.

4.2. Nutrient stress

Compared with responses to drought, little is kn@waut the influence of plant nutrition
ongm, and only recently have the effects of nutriti@eb addressed. In line with some earlier
reports, leaf nitrogen content correlates posiiveth photosynthetic activity angh, across
several woody and herbaceous species [76-78], wber@egative relationship of leaf nitrogen
andgm was observed when related to tree heiglftimus densiflord79, 80]. Such a decline gf,
with tree height can be related to decreasing wadtantial affecting leaf expansion and structure
[80, 81].

Photosynthetic activity angl, correlated well with the supply of K in hickoryes#tings
[82], whereas biochemical modifications and/or &tal changes seemed to primarily limit

photosynthesis. More research is needed to gdineiumsight into the K g, relationship.
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Changes in P nutrition revealed no direct effecty@f69, 83]. Excess of Zn iBeta vulgarisand
excess nickel Ni ifPopulus nigrastrongly decreased leaf conductangedndgs) [84, 85]. This
was presumably caused by changes in mesophyltsteyavhich affected leaves developing
during stress more than mature ones [85]. Thergptratosynthetic activity under excess Zn and

Ni was primarily limited through impaired leaf cardance.

4.3. Changing CO, concentration around leaves

The effects of varying C£xoncentrations og, display different trends for long-term
(acclimation) and for short term responses. No ggiieend has been observed for plants grown
under elevated C{i.e. 500-600 ppm) with no change, decreasedaeased), being reported,
possibly depending on the species and time [86,I8 dontrast, changes g under short-term
exposure to different C{roncentrations seem to follow a general trendsscnaany species [88-
94], with a negative correlation betwegpnand sub-stomatal and/or ambient @ncentration
(Fig. 5). However, some exceptions have been puai$95], leading to a controversy as to
whether the observed responses are real or a smgasurement artefact. The data recorded under
low CO; (< 100 ppm) have to be taken with caution duetors with the available techniques
[10, 89] and it seems very likely thgt declines with rising C@levels. The same trend was
observed with very different techniques, each ng)yon very different assumptions [see e.g. 9]
[11] [86] [96] [97]. As a general patterg, largely differs at the ends ofGa gradient (0 to 2000
umol mor?) (Fig. 5). Still, variation ofy, within a smaller range of G@oncentrations might be
small. This is particularly true when referring@@, changes projected for the next few decades
(e.g., the range from 300 to 8ol mol™ in Fig. 5, which reflects a range of ambient.CO
concentrations of about 500 to 1Q@®ol mol™).

Several explanations for the declineggfwith increasing C@have been proposed,

including fine adjustments for balanci@gandC,, and avoiding large decreases of cell pH [12]
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and increased cell leakiness under high p{@8]. However, these adjustments might be restict
by structural conditions at the mesophyll/chlorgplavel, allowingym to change within a
relatively narrow range (see Section 3 on the jptesdimit of the contribution of aquaporins to
Om). Moreover, other internal factors such as resipinanay also affect the determinationgaf
under varying C@concentrations, e.g. if a constant value is asduifiee true rate varies with
CO,, but activities of respiratory pathways can chatigeresistance of the diffusion pathway, e.g.
by altering the mean path length [98]. In fact saveeports, either theoretical [98] or empirical
[92, 99], but not others (Flexas), have describedftect of Q concentration og,, and its
dependency on Cxoncentration. The reasons for this effect remaiciear, although the
influence of photorespiration and of changes ingitial distribution of C@emission (in
mitochondria) and carboxylation (in the chloropgs$tave been claimed. Clearly, more detailed

studies are required to fully understand the eféé€d, concentration og,.

5. How important is gy, in limiting photosynthesis?

5.1. Photosynthesis limitations in response to environmental variables
Once it was demonstrated and accepted by moseddientific community thal, is finite, and
possibly dynamically regulated, it became import@antjuantify how much mesophyll diffusion
limits photosynthesis. In the 90’s and beginninglo$ century, photosynthesis limitation gy
was ignored - for simplicity and because of thdidifty to estimatey, with methods available -
despite the early warnings thgt was finite, variable and limiting photosynthesji8] ([100]).
Recently, a comprehensive analysis was describestemotal photosynthesis limitations were
estimated and disentangled into its three compsnestomatal, mesophyll and biochemical
limitation [43]. This is a relative analysis becauthe percentage of reduction of the net
assimilation rate for each limiting component ifireated on the basis of a control value without

any of these limitations. As the severity of thees$ progresses total limitation increases and so
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potentially does each of the three components.dumotv, such analysis has been applied mainly
to quantify water stress-induced limitations inbdeeous [90, 101] and woody species [102-105],
as well as during recovery from water stress [@7,101]. The limitation of photosynthesis ty
was followed as well during seasonal changes [108], leaf ontogeny [81, 90, 108], temperature
acclimation [109], Zn contamination [84] and nitewgand phosphorus fertilization [83]. Data for
limitation analysis from all these studies are pdah Figure 6, in which the Total limitation was
considered O for the ‘control’ plants (i.e., nomess conditions), and increasingly higher for
stressed plants up to a maximum of 1. It can bergkd that, as total limitation increases with
increasing stress, stomatal mesophyll conductandeta a lesser extend, biochemical limitations
increase (Fig. 6). The scattered results are aecuesice of including a number of species with
different growth forms with a range of structuraldaanatomical characteristics, different types of
stress, and varying severities of the same typstregs from mild to severe stress in the same
analysis. Yet, it can be observed that up to al fotdtation of 25%, limitations are mainly
represented by stomata and mesophyll. From thistpimi larger total limitation, all three
limitations increase, but the relative contributiof stomata becomes generally the larger,
followed by that of mesophyll and, finally biochamai limitations. Cases in which mesophyll
limitations account for more than 75% of TL are enchild water stress [101], first stages of re-
watering [101], where atmospheric demand was inegairom soil water availability [105], or in
the response of photosynthesis to temperature [1AB]the data available point out that
mesophyll conductance limitations to photosynthesie of similar magnitude as stomatal
limitations, and generally greater than biochemiaitations. Besides limiting photosynthesis in
response to environmental clues, the spatial viitiabf g, within canopies, especially in relation

to height in tall trees, has also an impact intiingi photosynthesis.

5.2. Photosynthesis limitations within complex canopies
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As mentioned in Section 8, is highly determined by leaf structure, as suggesty the
negative relationship betweep, and leaf mass per unit area. Additionally, scales positively
with leaf photosynthetic capacity. However, bothriatales, leaf mass per unit area and
photosynthetic capacity, are positively correlatgith local irradiance in canopies, so that opposite
forces operate when increasing height, controlling g,, of leaves. The situation is further
complicated by the fact that in evergreens leaviedifferent age are found at different tree
heights. Hydraulic limitations in very tall treegegt a limitation ongs especially in the upper
leaves which, in turn, may exert a negative feekllmag,, but at the same time older leaves with
expectedly reducedn might be found at the lower parts of the canopsg. expected, different
results have been obtained when analyzing trednhlgaf canopy position ag,.

For instance, sun leaves at the top of a 34 mcwifer Pseudotsuga menziesiere
compared with leaves collected at the bottom (16&tdent PPFD) [110]. Despite a significant
difference in leaf mass per unit area there wasr@g correlation betweeA, and gn. The
variability of gn was high within each irradiance level or leaf typad the differences ign
between the locations were not significant. Mesdptgnductance was also studied across the
canopy profile in different-aged leaves of the @akercus ilex Here, in contrast t®seudotsuga
strong positive curvilinear relationships betweagnand mean irradiance were found for all leaf
age classes except in oldest leaves [111]. Howé¢verdegree of limitation of photosynthesis by
Om Was actually slightly larger at higher irradianseggesting increasing photosynthetic limitation
by gm at the top of the canopy [111]. The spatial disttion of structural (leaf N and chlorophyll
content and leaf mass per unit area), and fundtieaatraits (maximum velocity of carboxylation,
maximum capacity for electron transport apg were studied along the canopy of the deciduous
Fagus sylvatican relation to irradiance and leaf age [112]. Altiwariate approach was used
based on path analysis to disentangle the reldtiprasnong these variables. The primary role of

structural adjustment was confirmed i.e., the ptagtsponse of leaf mass per unit area which was
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in this case negatively related ¢p, for the acclimation of leaves to the local iratie in a
canopy. In much taller trees, however, hydraulititions could exert a larger role than local
irradiance in setting photosynthetic charactesstt the top leaves. For instance the response of
leaf mass per unit area to local irradiance wasredt inSequoia sempervirer(d13 m) as height
increased [113]. There was a transition regionhis ¢anopy where the primary determinants of
leaf morphology and structure switched from loceddiance to hydraulics. It was concluded that
structural changes due to hydraulics indirectlyucsd net C@ assimilation rates via increased
respiration rates and decreagedndgn.

The other question is whether total tree heigtdlfite.e., not the height of a given leaf
inside a tree, but the total height of the treelffscan alterg, and its role in constraining
photosynthesis. Specifically, leaf mass per urgaancreases as trees increase in height andthis i
associated with reductions of net £asimilation [114-116]gs [117] and, perhap$m, [114, 118,
119]. Lowergn, in taller trees has recently been confirmed expentally. There was a decrease of
Om With total tree height in the conif@seudotsuga menziegli20], suggesting that gravity and the
water path length were likely the main determinaoftdérends in foliar characteristics via their
effects on leaf water potential during leaf expansiAlso, there was a tight relationship between
leaf mass per unit area agg in Pinus densiflorathat was the inevitable consequence of the
morphological acclimation to height [79]. Similarlyhe age effect oryy, in leaves of the
deciduousNothofagus solandnvas only evident in tall trees (15 m tall), whikeshorter trees (2
m tall) no differences were found [81]. It seemattbhanges irg, with tree height occur in
proportion to changes igs and photosynthetic capacity, such that photoswmshe limited to a
similar degree by, in different-size trees [14, 116].

To sum up, most studies conclude that the mainrméetant ofg,, modifications with tree

height is leaf structure represented by leaf ma&ssupit area, which can be modulated by local
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irradiance, leaf age and hydraulic gradients. Tovapdexity of their interactions does not allow

yet a clear prediction @, changes with tree height.

6. Modeling and including g, in photosynthesis models

Mesophyll diffusion of CQ must be taken into account in leaf gas exchangdetapsince
considering an infinitgy, is not correct. The difficulty rises when decidiagvalue ofg, to be
applied in each specific scenario, and as a funaifohow it varies in space and time. Currently,
we are not able to incorporagg in models with a mechanistic basis due to the EHckufficient
knowledge on the mechanisms involved in the reguladf g,. This being said, there have been
several attempts to empirically includg in models. One of the first examples was proposed
modeling the soil-plant-atmosphere continuum iQuercusAcer forest [121]. These authors, as
[122], concluded thaVcmax and Jnax Were underestimated in most studies due to negiegt..
They included a different constant valuegpf for each species. Later on, two approaches were
used in rice to include a varialdg, as a function of N or as a function @f[123]. The models
were based on previous work whegg usually scaled witlys. The model based ap explained
more variation in measuref, than the model based on N. It was argued ghathanges during
different developmental stages of the crop, andapparent coordination betweegp, and gs
allowed the use djs as a scaling factor. The same approach was useddeling the response of
Cs and G plants to water stress [124]. The inclusiorggfin a photosynthesis model was further
justified by the response df, to temperature [11]. None of these approachesvalfor a flexible
dependency betweegy, gs and photosynthetic capacity like the one that oxctor instance,
under water stress.

One of the remaining challenges in leaf gas exohangdels is to take into account the
effects of seasonal water stress. Water stresseasioned above, affects the relative importance

of each component in limiting photosynthesis, delpem on the degree of stress. In this sense,
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some have used a limitation analysis [43] to infeat must be included in the models that mimic
the observed behavior &. Three values ofl,, were used to simulai#, assuming that stomatal
limitation is equal, smaller or larger than mesdpliynitation [125]. It was concluded that
diffusive limitations can explain water flux respas to seasonal changes in soil water availability
only if gnwas included in the models. The use of either stahwa biochemical limitation alone
did not mimic the observed data. The same congciusias reached about the importance of
combining several components in the limitation dgracclimation to stress [108]. They concluded
that to reproduce the general pattern of ghotosynthesis during water stress, the highest
limitation strength must be imposed tpy, then bygs, and finally by the biochemical capacity.

The impact ofg, on model predictions of carbon isotope discrimorathas been also
assessed by testing whether a fixed or a varighldepending orgs or time of day improved
model predictions in mature juniper trees [126]eTihcorporation ofgy, in the model did not
consistently improve carbon isotope discriminatidhese results contrast with those were the
inclusion of a variableg, (as a function ofgs), improved the model predictions of isotope
composition of respired carbon from a coastal Dastdir forest in comparison with a model with
a fixed gm [124]. Recently, [127] have warned about the nekethduding the ternary effect of
transpiration rate in the equations for carbonogetdiscrimination. The effect is greatest when the
leaf-to-air vapor mole fraction difference is gesat which could explain some of the
contradictory results commented above.

Although it is obvious that a realistic model faegictingA, should incorporatgm,, Oliver
et al. [128] concluded that the useggfdid not improved the performance of #tsgmodel, as long
as Vemax Was seasonally tuned. Effectively, a similar pcedn of A, can be obtained either
reducinggm or overreducindVemax 1.€., Cc or Ci-basis. However, if we are interested in using a
mechanistic model, the actual regulationggf and Vcmax @s a function of the degree of stress

should be taken into account. In this sense, Nigterat al. [14] showed how the inclusionggfin
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models results in a description of leaf acclimatiorthanging environmental conditions, and in a
more realistic description of daily photosynthesispecially in leaves under stress. WIHeCi
parameterization predicted a negative carbon balahmidday in plants under water stress, actual
measurements and simulations with tReC. approach yielded a carbon gain. Similarly, a
biochemical photosynthesis model orCabasis was used to explain the potentially favarabl
response of evergreens plants to climate changetalubeir robust leaves and logs, [15].
Currently, the determination of the seasonal ew@iubf g, or its dynamic in cycles of stress and
recovery, and even distribution within canopiességen as a huge drawback in the process of
incorporation in models of process-based land-sarfachemes [128]. Definitely, more
information is needed to make possible the inclugb g, in leaf-gas exchange models. This
information is hard to be obtained at a large soélspace and time due to the limitations in the
use of most used techniques ¢f, determination [10]. However, more efficient and
straightforward methods for determining averageoparg., like that proposed by Ubierna and
Marshall [129] based od*C of phloem content, can be useful in the futureeimophysiological

and ecosystem model applications.

7. Can mesophyll conductance be uncoupled from the water path regulation?

7.1. Co-regulation of g and stomatal conductance

The previous sections have demonstratedghaindgs are very often co-regulated,
although not under all instances. Some degree-oégalation has been suggested betwgeand
plant hydraulics. Water vapor and €€hare at least a part of their pathways in lead®eth gases
are exchanged with the atmosphere through stornmasaldition, both water vapor and €@ust
cross the aerial sub-stomatal cavity. Additionadlfger leaving the leaf xylem, liquid water not
only moves along apoplastic pathways but also Ijparédiated by aquaporins) crosses cell

membranes and flows through the plasmalemma (swtnplaathway) and cell vacuoles
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(transcellular pathway) to the sites of evaporafi80, 131]. Accordingly, liquid water and GO
diffusion share partly common diffusion pathwaysha mesophyll [13, 16]. The involvement of
aguaporins in the diffusion of water and possib@r@lso suggests at least partly common
pathways for both molecules, although it is alsssae that different aquaporins could be
involved in each case.

Because of overlapping transport pathways, someedetf co-regulation is expected
betweerg,, and water transport in leaves. Indeed, variatairgp, are generally closely related to
those ings, €.9., variations among species (see Sectiom@)ced by water stress (see Section 4),
etc, but not necessarily in transgenic plants ditferent levels of aquaporins (see Section 3) or
under combined water stress and low irradiance$sedon 4). From a purely photosynthetic
perspective, this co-regulation is expected and omiynize photosynthesis. For instance, energy
and water-consuming stomatal opening does notlatnisito effective photosynthesisgf, equals
zero, but requires highegp..

However, from the perspective of leaf water useiefficy, theoretical considerations
suggest that some uncoupling between the two céadces may be advantageous. Under steady-
state, net photosynthesis is:

An=0s (Ca—Cj) =gm (Ci —=Cy),

whereC,, C; andC; are the atmospheric, sub-stomatal and chloropl&xD
concentrations, respectively, /gs is of the intrinsic water use efficiency at thafleevel, as g
controls transpiration in a constant environmemnithe equation, at constant photosynthetic
activity (i.e., ‘demand’ folC), increased\,/gs can be achieved by increasing the ratigpfo g..
Some degree of uncoupling between the two condoesame. variation igm/gs has been
observed. There is a progressive increasg, iaong the leaf of the monocétiticale, but little
variation ings[132]. In this casegn, is the main driver for changes in observed caibotope

discrimination A**C), an indicator o€, / C.. Dry climate populations of the deciduous trBesea
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[133] andPopulus[134] have largegm/gs than their relatives from milder climates. Genetind
drought-induced variability igm/gs in grapes [135] and tomato [136] is significardhyd
positively correlated with water use efficiency.dihthese examples, increagpdgs and water
use efficiency was accompanied by decre#@gseduggesting that manipulating water use
efficiency by means djy, regulation may always result in decreased prodoatapacity.
However, a simultaneously high&y, gn/gs and water use efficiency was observed in the
evergreen conifebies pinsapahan in its close relativ&. alba(Peguero-Pina, unpublished).
Similarly, a close relationship was found betwégmndgn, along a range oPseudotsuga
menziesitrees varying in total height, but virtually no dge ings i.e., a higheg./gs as total
height declined and, and water use efficiency increased [80]. Undeditapthe mechanisms
regulatinggm in such a way that it can uncouple frggto some extent may be an essential step
for future genetic manipulation of plants aimingneitaneous increases in photosynthesis and

water use efficiency.

7.2. Co-regulation of g, and hydraulic conductance in the mesophyl|

At least in part, tight co-regulation gf, andgs may arise from the close relationship often
found betweerys and the conductance of water within the mesophldlto now, it has not been
possible to determine hydraulic conductance ohtleeophyll directly, but several methods to
measure whole leaf hydraulic conductan€g,f are available, mainly based on the measurement
of water flow relative to a water potential grad[@87]. A general positive relationship occurs
across species betwegp andKes, With fast growing species showing the highestigalfor both
variables and conifers falling in a group with tbevest values (Fig. 7a). The underlying reason
for such relationship might be the existence otamécal limitations to C@and water
conductances, which are likely to be higher in gggewith thicker mesophyll layers and greater

surface of mesophyll cells [80, 138-142]. Nevemiss| this does not seem to be a universal
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relationship, and herbaceous monocots with bigharound 0.5 mol fAs* [36, 132, 143], may
haveK eas Values below 5 mmol 3 s* MPa' m? [144, 145]. Whether this is due to anatomical or
biochemical particularities of these species isatnatter of debate. In this sense, at least for
some species the pattern of change in responseugitt and tree height for, andKieas is
comparable to the general pattern observed acpesses (Fig. 7b), suggesting that not only
anatomical but also differences in biochemical tatgon are involved in interspecific differences

for both variables.

The main limitation oKe4s as a surrogate for the hydraulic conductanceefriesophyll
is thatKeas involves both mesophyll and xylem resistances,atimbugh the former plays a
significant role in whol& 4, its relative contribution may vary with speciegla@xperimental
conditions [130, 137, 146, 147]. Studies on thdrenvnental response of leaf water isotopic
enrichment offer a new way to assess short-termgg®in mesophyll hydraulic resistance [148-
151]. During transpiration, leaf water becomesahed in the heavier isotope&D and’H. The
enrichment at the sites of evaporation can be neddedbm environmental variables [152, 153].
(see Appendix | for details). However, the obsergedchment in the leaf lamina does not
generally agree with modeled values at the sitvaporation, since back diffusion of enriched
water from the sites of evaporation to the reshefleaf is counteracted by a mass flow of non-
enriched water driven by transpiratidPeCleteffect [154]). The magnitude of this effect is
proportional to the transpiration rate, the diseafitom the xylem to the evaporative surface, and a
scaling factor, which accounts for the higher véloof water through a porous media than if it
were moving through the leaf as a slab (i.e. aweifrom transpiration). From these models, a
“scaled effective path lengthL{, the product of the actual distance and the sg#iotor) can be
determined by comparing modeled enrichment atiteeo§evaporation with observed values
[154-156]. Sincd_¢ accounts both for the length of the water pathamy its tortuosity, it is

theoretically related to mesophyll hydraulic remnste to water flow. In a recent work, Ferrio et al.
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[149] showed a tight link betweéns and bothK g5 andgn, in response to experimental treatments
(Fig. 8), although the relationship betweder andgm, reached an asymptote at higher valuegof
(gm >200 mmol CO@ m? s Fig. 8b). These findings provided empirical evide in support of the
theoretical link betweehes and hydraulic conductance of the mesophyll. Motgrestingly, they
also showed that at least in response to certaiinogmental variables, changesggn and

hydraulic conductance of the mesophyll are cloaely positively related, implying that thg / gs
ratio can vary but over a limited range. Nevertbg|e¢he lack of relationship betweepandLes

at higher values dj, suggests that diffusion of G@an be enhanced beyond the common
limitations for water and CQlt is likely, for example, that well-watered ptam€may have reached
their maximum values of hydraulic conductance efrtesophyll, determined by anatomical
limitations, whileg, may still respond to other regulations that maxephotosynthesis. One
possible explanation for the uncoupling between @@l water conductances has been proposed
[51]: the aquaporin NtAQP1, from the PIP1 familid dot increase water transfer, but enhanced
CQO, diffusion. Conversely, NtPIP2;1 from the PIP2 feynfavored water transport but did not
affect CQ diffusion. The changing of the proportion of theotdifferent aquaporins in a tetramer
progressively varied the water and £@lated functions. As a consequence, even thoatghlbaf
hydraulics and C@diffusion respond to changes in aquaporin condibgtidifferent

combinations of aquaporin subunits in aquaporirateers may promote either water or CO
transfer, or both, depending on the proportionl®&flPor PIP2. Thus, regulation of the function of
aquaporins would take place as a result of a catiggeamong subunits for the formation of
tetramers, in a way that would allow enhancing, @&ation and at the same time reducing water
use. Indirect evidende vivoin support to this hypothesis was obtained by amng the values

of gn and effective path length in a wild type and tebacco mutants and antisense and
overexpressing NtAQP1lines (Fig. 9) (Kodama, unishigld, plants courtesy of Dr. R.

Kaldenhoff). Plants with increaseg had increased effective path lendtk., decreased hydraulic
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conductance of the mesophyll). The overexpressmeg(With a greater expression of PIP1s) had
the highesgm, and effective path length, and the antisensehatethe lowest values. We speculate
that this is the result of different aquaporin ferpgroportion in tetramers following altered
expression of one of the two forms (PIP1 and PIR2§ording to [51], one water conducting
aguaporin (PIP2) is enough to facilitate watergpant to a level close to maximum, while 3 or 4
CO, conducting aquaporins (PIP1) are required to reagkimum CQ diffusion. We suggest that,
in antisense lines, the proportion of PIP1 aquapiarimost aquaporin tetramers falls well below 3,
while in overexpressing lines the proportion ishen 3 and 4. In contrast, the effective path
length andy, were negatively correlated when comparing indigidalants within each mutant
type, suggesting a common trend for£Dd water conductance. In this case, we suggast th
variations in the total expression of aquaporingrgnindividuals, while keeping identical
proportions among subunits, results in a concornitemease in conductance of g@nd of water

vapor.

8. Concluding remarks and futur e prospects

We have stressed that the share of overall photiostya limitation by mesophyll
conductance is large and can be the most signiffeator limiting photosynthesis under certain
conditions and certain plant functional types. Btetement is backed up by ample evidence, and
we argue thaf, should be included in any study analyzing limdas to photosynthesis, as well
as in models for predicting rates of photosynthesis

Significant progress has recently been made intifaéively linking gn, to foliage
anatomical and structural traits. Cell wall thicke@nd chloroplast distribution seem to play a
dominant role in determining the upper limitgaf. However, rapid variations in response to
environmental cues might not be regulated by an@gdrtraits. Aquaporins seem to be only partly

responsible, although their mechanistic bases reoaslear.
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We conclude that further developments in the frelgliire more advanced understanding
of the currently most obscure points, which inctude

1. The role of aquaporins in diffusion conductaresgecially in species growing in
stressful environments and having particularly i@ues ofgn.

2. To what extent water and @@ansport processes are coordinated and how Hses t
affect photosynthesis? It seems that the coordinasi not necessarily maintained across
environmental gradients and gradients of tree heigh

3. What is the genetic basis@f and its genetic variability? Data on genetic Vailiey
within species, the degree of heritabilitygaf as well as for entire phylogenetic groups, nagtabl

ferns and mosses are far too scarce.
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Figurelegends

Figure 1. Mesophyll conductance is greatest theera@pecies is phylogenetically evolved.
Average * S.E. values fgr andgn, in different pooled groups of plants. Data fromehworts and
hornworts from [17], data for all other groups fre#d].

Figure 2. Mesophyll conductance reflects the,@dfusion pathway, which is composed of air,
water and lipid barriers. Comparison of £diffusion pathway within the fully expanded needfe
evergreen conifefbies alba(a-c) and within the leaf of broad-leaved deciduBopulus tremula
(d-f) according to light (a, b, d), scanning (cdanansmission electron (e, f) micrographs. Leaf
cross-sections (a, d) illustrate the £gas phase diffusion pathway from ambient &i) (o sub-
stomatal cavities(;) and from sub-stomatal cavities to outer surfdaceetl walls, C,. The CQ
concentration drawdowr,-C;, depends on stomatal conductance, while the drawd®-C;,, is
characterized by internal gas-phase diffusion cotaiice ¢, that is determined by effective
mesophyll thickness and porosity. The micrographpatisade tissue (b, @emonstrate parallel
diffusion pathways within cells (indicated with aws for representative cells) that is determined
by the exposure of chloroplasts to intercellulars@ice. The representative micrographs of
palisadecells (c, f) illustrate CQ diffusion pathways in liquid phase from mesoptogll outer
surface to chloroplasts. The g€@rawdown from outer surface of cell walls to cblgasts C.,
Ciw-Cc) is determined by liquid-phase diffusion conductgiq, that consists of cell wall (cw),
plasma membrane (pm, not visible in the microgrgpbgtoplasm (cyt), chloroplast envelope
(env, not visible in the micrographs), and chloasplstroma (chl). Micrographs from Peguero-
Pinaet al.[62] (a-c) and Tosenrst al.[15] (d-f), with permission.

Figure 3. Altered expression of aquaporins inti@tato mesophyll conductance limitations of
photosynthesis. Average (error bars show +SE) swtrélation rate, stomatal conductance to,CO
and mesophyll diffusion conductance (upper paragid)relative photosynthetic limitation due to
limited biochemical capacity, stomatal conductameeé mesophyll diffusion conductance (lower
panels) in transformed plants with reduced (AS, RNt&rference) and over-expressed (OE)
aguaporins and corresponding controls (either tyie or plants transformed with the same
construct used for AS and OE, but lacking the medifquaporin expression phenotype). As the
data represent one-to-one correspondence betwéepales (control vs. AS and control vs. OE
and AS vs. OE within the given study), the averdgss/een the treatments and corresponding
controls and between AS and OE were compared lbgdiaiests that is a more powerful
statistical test than standard ANOVA [141]. Statetsignificance as: ns — not significant, * -
P<0.05, * -P < 0.01, *** - P < 0.001. The data are fArabidopsis thalianaquaporins atpipl;2-
1 and atpip2;3-1 [32\icotiana tabacunaquaporin NtAQP1 [33-35] artdordeum vulgare
aquaporin HvPIP2;1 [36]. The data correspond toratihg light, leaf temperature of 26 and
chamber C@concentration of 280-406mol mol™. The relative limitations of photosynthesis
were calculated according to [43] and the thregatioins sum up to 1. Maximum carboxylase
activity of RubiscoV.max Needed for these calculations was determined®rse modeling as in
[44]. Means between treatment and correspondingasrand between AS and OE were
compared by pairetdtests (ns — not significant, *R<0.05, ** - P < 0.01, *** - P < 0.001).

Figure 4. Co-regulation of stomatal conductancesaphyll conductance and photosynthesis in
wild type and mutants with altered expression afeguprins. Net assimilation ratd,j in relation
to (a) stomatal conductance to £@s) and (b) mesophyll diffusion conductangg), and
correlations between (c) the g@rawdown due to limiteds (difference of CQconcentrations in
ambient air and sub-stomatal caviti€g;,Ci=An/gs) and (d) the C@drawdown due to limitedn,
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(difference in CQ@ concentrations in sub-stomatal cavities and ciplasis,Ci-C. = A/gm). Every
data point corresponds to an average value ofrestirérol, aquaporin overexpressed, aguaporin
antisense or aquaporin-inhibited plants reporteatiginal studies. Data sources for transformed
plants as in Fig. 3. Data for HgGfeated (0.3-1.2 mM) and non-treated control [gavere from
[39] (Vicia fabg and [37, 38] Nicotiana tabacum Environmental conditions during
measurements as in Fig. 3. The number of datagpwmirdifferent panels differs because not all
studies reported the whole suite of characterigticgs, gm, Ci andCe..

Figure 5. Increasing C{xoncentration reduces mesophyll conductaggeorrelates wittC; over
a broad range of ambient @€@oncentrations and across a number of differeztiep and growth
forms. The isotopic metho@'fC) and the combined chl fluorescence and infrassdexchange
analysis method are shown in closed and open sjnagpectively. Data are taken or calculated
from [86], [88], [157], [89], [99], [96], [90], [OL [97], [158], [87], [92], [93], [94], [11].

Figure 6. Mesophyll conductance limitations inceeas photosynthesis declines (total limitation
increase) in response to stress. Empty circlegsept stomatal limitation (SCL), filled circles
mesophyll conductance limitation (MCL) and triarggleochemical limitation (BL). Data have
been compiled from the following references: [8B]24], [102], [108], [66, 90], [67, 71], [101],
[159], [160], [104], [107], [105], [84], [81] andLD9].

Figure 7. Mesophyll conductance co-regulated witttraulic conductance. A) Strong relationship
between average leaf hydraulic conductamGgs( and mesophyll diffusion conductangg.) for
different plant species, based on literature ds¢a Supplemental Information for the list of
references). B) Comparative response of differpaties to changes in growing conditions
affecting bothgm andKeas high/low water stress f@puercus FagusandPinus canopy height for
Pseudotsugaa combination of drought and vein severing\fdrs.

Figure 8. Mesophyll conductance and hydraulic catehce co-regulate with the effective
pathlength of mesophyll water movement. Strongiaiahip between treatment averages for leaf
lamina hydraulic conductance {kins), scaled effective pathlengthef) and mesophyll
conductance for C&gm) in Grenache grape. Treatment averagegdavere calculated excluding
values above 200 mmol G@* s*, which were beyond the linear range for the retethip
betweerg,, andLes (See inset with individual leaf values). Circlesntrol plants, triangles:

drought plants. Open symbols: intact leaves. Cley@atbols: vein-severed leaves. Data from
[149].

Figure 9. Altered expression of PIP 1 aquaporisslts in co-variations of the mesophyll
conductance and the effective pathlength of medbplayer transfer. Upper panel: the
relationship betweeg,, and the path length of mesophyll water transfernrflwild-type (circles),
anti-sense (downwards triangles) and over-exprggsion-wards triangles) tobacco plants with
altered levels of NtAQP1. Empty dots are individpkants within each genotype, and filled dots
average values per genotype. Lower panel: potemtghnation for the opposite relationships
found betweemy, and L within and between genotypes, based onndenfys by Ottcet al.[51]:
negative correlations betwegp and the path length of mesophyll water transfeuobetween
genotypes, likely reflecting that altered expressibone aquaporin class results in different
proportions of aquaporin classes within tetramgeositive correlations betweep, and the path
length of mesophyll water transfer occur betweelviduals within each genotype, likely
reflecting different concentrations of aquaporiather than different proportions of aquaporin
classes within tetramers.
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Appendix A: Supplementary data

Table S1. Average and standard deviation of leaf hydraulic conductance (Kiesr) and mesophyll diffusion
conductance (gm) across the different genera included in Fig. 8. The “OUT” column indicates the values
not included in the linear regression plotted in Fig. 8a.

KIeaf
Genus (mmol H,0 (mm%ri1 CO, References Kjeas References g,
s* MPa! m? m?s™?
Herbaceous monocots
Triticum 3.1 0.44 +0.072 [1]12](3] [4T[7T[5]16]18]
Oryza 7.5 £3.89 0.56 +0.410 ) [107[11]1[8]
Herbaceous dicots
Phaseolus 19.5 +4.72 0.28 +0.115 [12]13] [14][15][16][17][18]8]119]
Helianthus 13.2 £3.31 0.79 £0.545 [12]120]21] [22][23][177[24][25]
Vicia 15.7 0.40 £0.060 [26] [6]127]
Glycine 11.2 0.49 +0.165 (28] [297[30][31]
Arabidopsis  11.5 +1.90 0.20 (32] [33][34]
Nicotiana 26.0 +4.00 0.30 +0.205 (35] [36]37][33][30][38][39]'[31] [40][41][42][8]
Gossypium  12.2 #1.10 1.06 +0.745 [28]43] [22][44]
Woody deciduous angiosperms
Quercus 7.5+1.71 0.14 +0.032 [45]146][48][20][47] [31][49][6][50][51]152][53][54]
Fagus 7.1 +0.46 0.16 +0.094 [46] [55]119]
_Acer 7.4 £1.35 0.05 £0.011 [56]20] [58][171[571[50]
alnus 7.9 0.12 £0.017 (59] [177[577[50]
populus 10.6 £2.20 0.22 +0.059 [45] [60][177[571[50][51][61][52] 18]
betula 11.0 £3.00 0.77 £0.335 [47][62] [63][64][65][66]
Tilia 7.0 £0.10 0.92 +0.415 [45] [65][24]
Juglans 8.0 £3.00 0.15 +£0.035 [67]
Corylus 7.8 +0.56 0.18 [20] [50]
Castanea 4.4 +0.83 0.11 [20] [22][55][68]
Vitis 11.0 £2.18 0.16 £0.044 [1]147] [697[1][707[711[15][33]72]
Woody evergreen angiosperms
Quercus 3.0 +1.44 0.08 £0.013 [20] [731[171[741[6][75][76]52]
Olea 8.9 +0.28 0.22 +0.135 [20] [771[781[791[33][80]75]
Camellia 6.0 0.10 £0.025 [21] [171[74]
Hedera 10.4 +0.26 0.15 [47] [6]
eucalyptus 9.9 £0.42 0.15 +0.014 [81] [82][83] [49][6][8][84][85][86]
Laurus 2.2 +0.56 0.08 [20] [75]
Woody evergreen gymnosperms
Pinus 5.3+1.12 0.13 £0.020 [87]148](88] [14][507[89]
Pseudotsuga 5.1 +0.67 0.11 +0.087 [48]190] [14][91][507[92][90]
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Appendix B

Leaf water enrichment models and scaled effective path length

Steady-state isotopic enrichment over source water at the site of evaporation (A¢) has been
described by the Craig & Gordon model [1-2]:

e
A =¢" +eg+ (A, —gk)e—a (Eq. S1)

where & is the equilibrium fractionation between liquid water and vapour [3]; & is the kinetic
fractionation as vapour diffuses from leaf intercellular spaces to the atmosphere [4-5], A, is
the isotopic enrichment of atmospheric water vapour relative to plant source water, and ea/e; is
the ratio of ambient to intercellular vapour pressures.

The steady-state isotopic enrichment of mean lamina mesophyll water (A_sp) can be described
by the above steady-state Craig & Gordon model corrected for the gradient from xylem
source water to enriched water at the evaporating sites, the so-called Péclet effect [6]:

1-e¥ : vl
ALSP = Ae p Wlth 80 == ? (Eq 82)

where ¢ (Péclet number) is the ratio of convection to diffusion, v is the linear velocity of
water movement (m s), | is the length of the water pathway along which diffusion occurs
(i.e. the distance between the xylem and the evaporation surface), and D the tracer-diffusivity
(m? s™) of heavy water isotopologues (either H,®0 or H'HO) in ‘normal’ water. Linear
velocity through the water pathway (v) can be related to transpiration rate (E, mol H,O m? s’
1) as follows [7]:

E
v=k— Eq. S3
c (Eq. S3)

where C is the molar concentration of water (55.56 10° mol m™) and k is a scaling factor to
convert the velocity of water moving through the leaf as a slab (E/C) to the actual velocity in
a porous medium, and usually ranges from 10? to 10°. Accordingly, g can be also expressed
as:

E- Ly
C-D
where Less Stands for the scaled effective pathlength, i.e. the product of | and k. Thus, Les is
expected to be much larger than the actual distance between the xylem and the evaporation

sites, and would vary not only with changes in | but also with changes in the tortuosity of the
water pathway (e.g. varying the proportion of apoplastic and cell-to-cell water pathways; [8]).

o= (Eq. S4)
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