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SUMMARY

Cell wall thickness is widely recognized as one of the main determinants of mesophyll conductance to CO2

(gm). However, little is known about the components that regulate effective CO2 diffusivity in the cell wall

(i.e. the ratio between actual porosity and tortuosity, the other two biophysical diffusion properties of cell

walls). The aim of this study was to assess, at the interspecific level, potential relationships between cell

wall composition, cell wall thickness (Tcw) and gm. Gymnosperms constitute an ideal group to deepen these

relationships, as they present, on average, the thickest cell walls within spermatophytes. We characterized

the foliar gas exchange, the morphoanatomical traits related with gm, the leaf fraction constituted by cell

walls and three main components of primary cell walls (hemicelluloses, cellulose and pectins) in seven gym-

nosperm species. We found that, although the relatively low gm of gymnosperms was mainly determined

by their elevated Tcw, gm was also strongly correlated with cell wall composition, which presumably sets

the final effective CO2 diffusivity. The data presented here suggest that (i) differences in gm are strongly cor-

related to the pectins to hemicelluloses and cellulose ratio in gymnosperms, and (ii) variations in cell wall

composition may modify effective CO2 diffusivity in the cell wall to compensate the negative impact of

thickened walls. We speculate that higher relative pectin content allows higher gm because pectins increase

cell wall hydrophilicity and CO2 molecules cross the wall dissolved in water.

Keywords: cell wall composition, cell wall thickness, mesophyll conductance, photosynthesis, leaf anatomy,

cellulose, hemicellulose, pectin.

INTRODUCTION

Mesophyll conductance (gm) is one of the three main limi-

tations [together with stomatal conductance (gs) and the

biochemical capacity] to net CO2 assimilation (AN) (Cousins

et al., 2020; Lawson and Flexas, 2020). In the mesophyll,

CO2 molecules must diffuse through a gas-phase resis-

tance, the intercellular air space path from the substomatal

cavity to the cell wall surface, and several liquid-phase

resistances, composed by the apoplast and the different

cellular structures that separate the cell wall surface from

the carboxylation site into the stroma (i.e. cell wall, plasma

membrane, cytoplasm, chloroplast envelope and stroma;

Evans et al., 2009; Terashima et al., 2011). The relevance of

each resistance depends on structural (path lengths and

surface areas of each trait) and biochemical determinants –
suggested to be mostly aquaporins in cell membranes and

carbonic anhydrases in the cytosol and chloroplast stroma

(Flexas et al., 2012; Flexas et al., 2018; Gago et al., 2020;

Momayyezi et al., 2020). The structural determinants,

which set a maximum gm, can change in response to

specific environmental conditions (e.g. Tholen et al., 2008;

Morales et al., 2014; Momayyezi and Guy, 2017), or during

leaf ontogeny (Miyazawa and Terashima, 2001; Tosens et

al., 2012a), although are probably quite static in the
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seconds to minutes range (Carriqu�ı et al., 2019a). On the

other hand, the biochemical determinants can be regulated

at all time scales (Bernacchi et al., 2001; Yamori et al.,

2014). In addition, anatomical and biochemical determi-

nants present a wide range of variation, partially explain-

ing the differences in the photosynthetic capacity between

species or even genotypes (Muir et al., 2014; Carriqu�ı et al.,

2015; Tosens et al., 2016; Peguero-Pina et al., 2017; Vero-

mann-J€urgenson et al., 2017; Carriqu�ı et al., 2019b; Gago

et al., 2019; Flexas and Carriqu�ı, 2020). However, there are

still uncertainties regarding the biophysical diffusion prop-

erties of the different components of the diffusion path-

way. Such uncertainties may affect mesophyll cell walls, a

key component of the CO2 pathway that drives gm in many

species (Terashima et al., 2011; Tosens et al., 2016; Vero-

mann-J€urgenson et al., 2017; Ellsworth et al., 2018; Gago

et al., 2019; Carriqu�ı et al., 2019b).

Cell wall resistance to CO2 diffusion may depend on at

least three physical wall properties (thickness, porosity and

tortuosity) (Niinemets and Reichstein, 2003; Nobel, 2004;

Evans et al., 2009), although a direct effect of chemical

interactions between cell wall components and diffusing

CO2 cannot be ruled out (Ellsworth et al., 2018; Clemente-

Moreno et al., 2019). Cell wall thickness can be easily

determined using transmission electron microscopy (TEM)

images and has been assessed in species from all major

land plant groups (Veromann-J€urgenson et al., 2017; Gago

et al., 2019; Carriqu�ı et al., 2019b), revealing the existence

of a strong exponential decay of gm as Tcw increases

(Onoda et al., 2017; Ren et al., 2019; Carriqu�ı et al., 2019b).

For cell walls thinner than 0.4 lm, gm values can range

between 0.03 and 0.76 mol m�2 sec�1. However, when Tcw

>0.4 lm none of the reported correspondent gm values

were >0.12 mol m�2 sec�1 (Veromann-J€urgenson et al.,

2017; Onoda et al., 2017; Ren et al., 2019; Carriqu�ı et al.,

2019b). Thus, while in the 0.1–0.4 lm range a small

increase in Tcw has a large quantitative negative effect on

gm, with cell walls thicker than approximately 0.4 lm gm

values are always low, but not necessarily increasingly

lower as the Tcw increases. This suggests that species with

thicker cell walls might compensate this handicap by modi-

fying other traits, including their cell wall effective diffusiv-

ity (=porosity/tortuosity), to achieve similar gm values to

other species irrespective of cell wall thickness. However,

due to methodological limitations, there is little informa-

tion available on the effective diffusivity of cell walls in

land plants. Although there are no direct measurements of

the effective CO2 diffusivity in the cell wall, several authors

have tried to estimate it. Nobel (2004) first postulated,

based only on physicochemical estimations, that effective

diffusivity would be approximately 0.3 m3 m�3, which

implies that cell wall conductance is not small enough to

constrain AN. Then, Terashima et al. (2006), based on the

variability of gm between species for a given Sc/S,

proposed a cell wall effective diffusivity value of

≤0.1 m3 m�3, implying that cell wall porosity and/or tortu-

osity would be a key determinant of gm. Terashima et al.

(2006) also noted, based on previous studies of cell wall

permeability to H2O on algae with >10 lm thick cell walls,

that effective diffusivity might be inversely proportional to

the thickness of the cell walls. Later, Evans et al. (2009)

suggested that the effective diffusivity value could be

0.07 m3 m�3 based on a simple model of the CO2 pathway

through pores from onion cell wall images from McCann

et al. (1990). From then on, due to lack of accurate mea-

surements of wall resistance to CO2 diffusion, several

authors have been using these published values in analyti-

cal models based on anatomical traits to estimate gm.

While some authors considered a constant effective diffu-

sivity, some others adjusted it to be correlated with cell

wall thickness following either a linear or an exponential

decay function (Peguero-Pina et al., 2012; Tosens et al.,

2012a,b; Tom�as et al., 2013; Tom�as et al., 2014; Carriqu�ı et

al., 2015; Tosens et al., 2016; Veromann-J€urgenson et al.,

2017; Xiao and Zhu, 2017; Han et al., 2018). Such

approaches based solely on assumptions can lead to an

under- or overestimation of the cell wall role on gm and

thus AN.

Cell wall composition remains an almost unexplored fac-

tor that could affect gm through its effects on porosity and

tortuosity. Primary cell walls are mainly composed of a rel-

atively small number of basic components: microfibrils of

cellulose and a matrix of hemicelluloses, pectins and struc-

tural proteins (Cosgrove, 2005; Sarkar et al., 2009; Cos-

grove and Jarvis, 2012). The structure, organization and

interactions of microfibrils and the glycan matrix form a

tangled web resulting in nanometric and micrometric

pores that regulate the exchange of macromolecules,

water and gases (Carpita et al., 1979; Evans et al., 2009).

This cell wall assembly is regulated during cell elongation

and differentiation (Rondeau-Mouro et al., 2008; Cosgrove,

2016), is constantly remodelled and reconstructed (Sarkar

et al., 2009; Bellincampi et al., 2014; Houston et al., 2016)

and is more complex than traditionally thought (Maron,

2019; Zhang et al., 2019). The result is an intricate pathway

that determines a pore size, which limits or hinders the

crossing of molecules depending on its size and interaction

with the wall components. CO2 molecules can cross cell

walls because they are several times smaller than pore

diameter (Carpita et al., 1979; Read and Bacic 1996; Evans

et al., 2009). Although cell wall porosity in higher plants is

known to be regulated by cell wall composition, particu-

larly by pectins in the primary cell walls (Baron-Epel et al.,

1988; Fleischer et al., 1999; Rondeau-Mouro et al., 2008), lit-

tle information is available for its direct effect on CO2 diffu-

sion. Weraduwage et al. (2016) reported that the genetic

manipulation of the pectin methyl esterification level,

which modulates cell wall plasticity and plant growth,
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affected the relationship between photosynthesis and plant

growth. However, while this effect could potentially be

explained by changes in the cell wall properties affecting

CO2 diffusion, gm and Tcw were not determined in this

study. Another indirect evidence was found by Gago et al.

(2016), who reported significant interspecific associations

between gm and the main oligomers of the hemicelluloses

and pectins (e.g. galactose, arabinose, mannose, xylose

and gluconate), as well as with phenolic precursors related

to cell walls, such as hydroxybenzoate, and c-aminobutyric

acid, the latter having been reported as a molecule with a

potential signalling role for growth/cell wall rearrangement

(Renault et al., 2010). Altogether, evidence suggests a rela-

tionship between gm functionality and cell wall dynamic

metabolism (Gago et al., 2016). Moreover, Ellsworth et al.

(2018) deduced that cell wall effective diffusivity had a rele-

vant effect on gm from the differences in physiology and

leaf anatomy observed in rice mutants lacking mixed-link-

age glucan. Recently, Clemente-Moreno et al. (2019)

showed that apoplastic metabolism and cell wall composi-

tion (pectin content and cell wall-related metabolites) in

tobacco leaves changed in response to short-term abiotic

stresses, in association with variations in mesophyll con-

ductance to CO2 diffusion. Finally, Roig-Oliver et al. (2020)

suggested a role of cell wall composition modulated by

acclimation to contrasting environmental conditions on

photosynthesis and water relations in grapevines. How-

ever, a multispecies comparison of the potential effects of

cell wall composition on gm is lacking. In addition, the rela-

tionship between mesophyll cell wall composition and

thickness remains unexplored.

Based on evidence, we hypothesize that cell wall compo-

sition could have a significant role on the existing differ-

ences in wall conductance to CO2 between species

acclimated to common environmental conditions. To test

this hypothesis, we selected a group of seven gym-

nosperm species, as most of them have thick cell walls

and present high interspecific Tcw variability (Peguero-Pina

et al., 2012; Veromann-J€urgenson et al., 2017; Kuusk et al.,

2018), and to avoid extra sources of variation due to the

probable differences in cell wall components between

more distant plant groups (Sarkar et al., 2009; Popper et

al., 2011). To test the hypothesis that gm changes in paral-

lel to cell wall composition, we estimated gm and charac-

terized both leaf morphoanatomy and cell wall

composition in the seven gymnosperm species to explore

for correlative evidence between gm and cell wall thickness

and composition in this land plant group. Specifically, we

considered that the negative effect of increased Tcw on gm

found in gymnosperms would be compensated by at least

one of the following two possibilities, (i) the implication of

other components of the mesophyll CO2 pathway, or (ii)

interspecific differences in the effective diffusivity of CO2 in

the cell wall (i.e. the combined effect of cell wall porosity

and tortuosity), not necessarily related to Tcw. In the pre-

sent work, we focus on the second aspect.

RESULTS

Photosynthetic capacity and its physiological constraints

The gymnosperm species sampled here (i.e. Chamaecyparis

obtusa, Juniperus oxycedrus, Picea glauca, Sequoiaden-

dron giganteum, Taxus baccata, Taxus cuspidata and Thuja

plicata) exhibited a narrow range of variation in their physio-

logical performance (Table 1). Net assimilation (AN) ranged

two-fold from 4.3 � 0.3 lmol m�2 sec�1 in Chamaecyparis

obtusa to 9.2 � 0.4 lmol m�2 sec�1 in T. baccata, whereas

stomatal and mesophyll conductance estimated from

chlorophyll fluorescence (gs and gm_FLU, respectively) varied

about two- and three-fold, respectively. gs ranged from

0.033 � 0.004 in C. obtusa to 0.095 � 0.013 mol m�2 sec�1

in S. giganteum, and gm_FLU varied from 0.047 � 0.015 in

J. oxycedrus to 0.104 � 0.025 mol m�2 sec�1 in T. baccata.

AN was linearly correlated with gs (r
2 = 0.69, P < 0.0001) and

gm_FLU (r2 = 0.28, P < 0.05) across species when also con-

sidering the gymnosperm species reported by Veromann-

J€urgenson et al. (2017) (Figure 1a,b). In the case of the

AN-gm relationship, the significance of the correlation is

loosened by Cupressus sempervirens, which presents a

higher AN � gm
�1, and by Chamaecyparis obtusa and Cycas

revoluta, which present a lower AN � gm
�1 (Figure 1b). Diffu-

sive limitations (the sum of stomatal andmesophyll conduc-

tance limitations) were the main factors constraining AN

(from 56% to 68%; Table S1).

Morphoanatomical determinants of mesophyll

conductance

Leaf morphological and anatomical traits potentially

involved in setting AN and gm varied among species

(Table 2; Tables S2 and S3), but had values generally

within the previously reported ranges for gymnosperms

(Figure S1). High leaf dry mass per unit area (LMA) but

also high leaf thickness (Tleaf) values lead to leaf density

(Dleaf) ranging only from 0.26 to 0.46 g cm�3 (Figure S1a,b;

Table S2). LMA was not related to the variation in Tleaf

(Figure S1b), cell wall thickness (Tcw; Figure S1c) nor

chloroplast surface area exposed to intercellular air space

per leaf area (Sc/S), neither considering species from this

study only, nor considering also the species from Vero-

mann-J€urgenson et al. (2017) (Figure S1d).

In contrast to LMA, significant correlations were found

between gm_FLU and the anatomical traits Sc/S and Tcw

(Figure 2). A significant positive logarithmic correlation

(r2 = 0.31, P < 0.05) was found between gm_FLU and Sc/S

only when considering both species from this study and

species measured in Veromann-J€urgenson et al. (2017)

(Figure 2a), as Sc/S were the average values from this

study and generally higher than those of Veromann-
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J€urgenson et al. (2017) species. Regarding the relationship

between gm_FLU and Tcw (Figure 2b), no correlation was

found when considering all gymnosperm species, which

were located in the asymptote region of the significant

exponential decay regression obtained when considering

data from all spermatophyte species compiled by Onoda et

al. (2017) (Figure 2b inset). Instead, mainly because of the

narrow range of gm values in gymnosperms (plus scatter-

ing due to the inherent uncertainties of the method used

for its estimation, see Pons et al., 2009), two inverse linear

regressions with no likely biological meaning were

reported by considering the species from the current study

(r2 = 0.59, P < 0.05) and the species studied in Veromann-

J€urgenson et al. (2017) (r2 = 0.38, P < 0.05). Moreover, the

positive correlation found here is largely dependent on the

position of the two Taxus species in the relationship.

Based on the structural limitation analysis of gm performed

after the estimation of the gas- and liquid-phase conduc-

tances following Tosens et al. (2016), the estimated gas-

phase limitation in the mesophyll was between 8.0% and

20.5%, as the gm of gymnosperm was mainly limited by

liquid-phase components (Figure 3a). Among the different

liquid-phase limitations, cell wall limitation (lcw) was the

predominant gm constraint for all species (ranging from

65.9% to 80.9%) except for T. baccata, whose lcw was of

31.9 � 6.9%. Chloroplast stroma limitation (lst) was the

second limitation in importance (except in T. baccata,

which was 47.1 � 4.6%), whereas plasma membrane, cyto-

plasm and chloroplast envelope played only a minor role

(Figure 3b). In this study, gm modelled from anatomical

characteristics (gm_ANAT) using a common cell wall effec-

tive diffusivity (pcw) of 0.028 m3 m�3 (Tom�as et al., 2013)

did not correlate with gm_FLU (Figure S2).

Cell wall composition in relation to leaf morphoanatomy

and physiology

Cell wall extractions, considered as alcohol insoluble resi-

dues (AIR), per total leaf dry weight as well as the AIR’s

weight fraction of hemicelluloses, celluloses and pectins

were determined for the seven gymnosperm species

(Table 2). AIR ranged from 0.425 � 0.026 g g�1 in T. bac-

cata to 0.870 � 0.042 g g�1 in J. oxycedrus. Their hemicel-

luloses content ranged from 180 � 7 µg glucose mg�1 AIR

in T. cuspidata to 357 � 35 µg glucose mg�1 AIR in

P. glauca; cellulose content ranged from 98 � 9 µg glu-

cose mg�1 AIR in T. baccata to 341 � 9 µg glucose mg�1

AIR in J. oxycedrus, and the content of pectins ranged only

from 48 � 3 µg galacturonic acid mg�1 AIR in T. cuspidata

to 65 � 5 µg galacturonic acid mg�1 AIR in S. giganteum.

Area-based cell wall components were calculated as Xarea =
Xmass/LMA to relate them to area-based AN and gm properly.

Neither AIR nor the main area-based cell wall components

(considering them separately, the sum of the 3, or the ratio

pectins/(cellulose + hemicellulose)) were correlated with

LMA (P > 0.1), probably associated with the interspecific

leaf-shape variability. Instead, significant negative linear

correlations between hemicelluloses and pectins and Tcw

were found (r2 = 0.69, P < 0.05 and r2 = 0.65, P < 0.05,

respectively) although not with celluloses (Figure 4). Nei-

ther AIR content nor main cell wall component concentra-

tions correlated with net photosynthesis (Figure 5a,b).

Conversely, gm_FLU was negatively correlated with AIR

(r2 = 0.76, P < 0.01; Figure 5c), as well as hemicellulose

(r2 = 0.90, P < 0.005) and cellulose concentrations

(r2 = 0.68, P < 0.05; Figure 5d). Although absolute pectin

concentration did not significantly correlate with gm

(r2 = 0.55, P < 0.1; Figure 5d), pectin relative concentration

expressed as the area-based pectins/(cellulose + hemicellu-

lose) ratio was tightly correlated with gm (r2 = 0.94,

P < 0.005; Figure 6).

DISCUSSION

Here we demonstrate that interspecific variations in meso-

phyll conductance to CO2 (gm) may be strongly influenced

by differences in cell wall composition. In addition, we pro-

vide insight into the relationship between mesophyll cell

Table 1 Photosynthetic characteristics for the gymnosperm species

Species

AN

(µmol m�2

sec�1)

gs

(mol CO2 m�2

sec�1)

gm_FLU

(mol CO2 m�2

sec�1)

Ci

(µmol CO2

mol�1 air)

Cc

(µmol CO2

mol�1 air)

Rd

(µmol CO2 m�2

sec�1)

Chamaecyparis obtusa 4.3 � 0.3 0.033 � 0.004 0.065 � 0.017 211 � 27 115 � 12 0.8 � 0.1
Juniperus oxycedrus 6.3 � 1.1 0.059 � 0.013 0.047 � 0.015 272 � 16 111 � 19 1.3 � 0.3
Picea glauca 7.6 � 0.5 0.056 � 0.006 0.049 � 0.006 245 � 13 86 � 3 1.6 � 0.3
Sequoiadendron
giganteum

8.7 � 1.3 0.095 � 0.013 0.076 � 0.012 292 � 6 169 � 27 1.6 � 0.3

Taxus baccata 9.2 � 0.4 0.062 � 0.007 0.104 � 0.025 231 � 20 125 � 13 0.7 � 0.1
Taxus cuspidata 8.0 � 0.6 0.056 � 0.006 0.086 � 0.011 236 � 9 137 � 9 0.9 � 0.0
Thuja plicata 7.4 � 0.7 0.055 � 0.005 0.062 � 0.011 247 � 8 110 � 7 1.8 � 0.2

Average values � SE (n = 3–7) are shown for net assimilation (AN), stomatal conductance to CO2 (gs), mesophyll conductance calculated
with the variable J method (gm_FLU), substomatal CO2 concentration (Ci), chloroplastic CO2 concentration (Cc) and dark respiration rate (Rd).
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wall thickness (Tcw) and composition. Our results show

that higher relative but not absolute pectin concentration

may have a major role in determining the maximum gm in

species with thick cell walls as gymnosperms. Such a role

is independent to Tcw, and probably related to setting the

effective CO2 diffusivity of the cell wall. Finally, we discuss

the potential mechanical link that would explain the

observed relationships between cell wall composition and

CO2 diffusion resistance.

We performed a comprehensive analysis in seven gym-

nosperms covering the 60% of the Tcw variation range

reported for spermatophytes (from 0.372 to 1.033 µm;

Table S3, Figure 2b). Our aim was to explore the gm

regulation within the upper range of Tcw interspecific varia-

tion, within which increases in thickness seem to have a

comparatively minor effect on gm (Figure 3b inset). As the

gas-phase limitation of gm was generally low in the studied

species (Figure 3a), and the species with the largest Tcw

did not show larger Sc/S (Figure 2; Tables S2 and S3), the

relatively low impact on gm of thicker cell walls over about

0.4 µm Tcw is probably not fully compensated by other

mesophyll anatomical traits, but should be at least par-

tially compensated by variable cell wall effective diffusivity.

The observed lack of a tight agreement between gm esti-

mated from chlorophyll fluorescence (gm_FLU) and gm mod-

elled from anatomical characteristics (gm_ANAT) when

Figure 1. Photosynthesis relationship with stomatal

and mesophyll conductance to CO2.

Net photosynthesis (AN) in relation to (a) stomatal

conductance to CO2 (gs) and (b) mesophyll conduc-

tance to CO2 estimated by chlorophyll fluorescence

(gm_FLU). Each point corresponds to one species

(n = 3–7). Species from this study are marked as

filled circles, while gymnosperm species from Vero-

mann-J€urgenson et al. (2017) are marked as open

circles. Filled circles with error bars display aver-

age � SE values for the seven species considered

in the present study. Linear regressions were fitted

to the data.
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considering constant cell wall effective diffusivity (pcw) also

suggests the existence of a variable effective diffusivity

(Figure S2).

Cell wall properties affecting CO2 diffusion are deter-

mined by the cell wall composition and content, and the

assembly, orientation and cross-linkage between compo-

nents. Although leaf cell wall composition can be a suit-

able proxy to cell wall CO2 diffusive properties thanks to

the ease with which it can be determined in comparison

with Tcw and pcw, its relationships with both cell wall CO2

diffusion resistance properties remain mostly unexplored.

Recently, Ellsworth et al. (2018) using mutants, and Cle-

mente-Moreno et al. (2019) and Roig-Oliver et al. (2020)

inducing abiotic stresses in tobacco and grapevine, respec-

tively, provided first insight in the intraspecific relation-

ships between the dynamic regulation of cell wall

composition and gm in response to abiotic stresses. How-

ever, the relationships at the interspecific level between

cell wall composition and gm are still unknown. To this

end, we analysed the total leaf cell wall content extracted,

assumed as the AIR and the relative proportion of the three

major constituents of the plant’s primary cell wall: cellu-

lose, hemicelluloses and pectins. Each of these compo-

nents generally constitutes about 20%–40% of the wall

weight in angiosperms, although this can vary significantly

among species (Cosgrove, 2005; Caffall and Mohnen, 2009;

Ochoa-Villareal et al., 2012; Tenhaken, 2014). For instance,

while pectin is the single largest constituent of the cell wall

in Arabidopsis (Zablackis et al., 1995), it is only about 2%–
10% in grasses (Ochoa-Villareal et al., 2012). Lignins are

the major cell wall component missing from the present

analysis. However, they are mostly present in secondary

walls of structural tissue (Poorter et al., 2009; Zhong et al.,

2019), which are not directly involved in photosynthesis

(Kuusk et al., 2018), and where they can account for 30%–
40% of AIR in gymnosperms (Renault and Zwiazek, 1997;

Mediavilla et al., 2008). Apart from lignins, other cell wall

components such as proteins, phenolic residues that solu-

bilize and starch may account for the percentage of AIR

not related to cellulose, hemicellulose and pectins, which

may be also influenced by a differential in the water con-

tent of the primary and secondary walls (see Pettolino et

al., 2012; Petit et al., 2019).

In the present interspecific comparison of conifer spe-

cies, we found that gm was negatively correlated with the

concentration of both cellulose and hemicellulose in cell

walls, and unrelated with the concentration of pectins (Fig-

ure 5c,d). Besides this, the strongest correlation was found

between the ratio pectins/(cellulose + hemicellulose) and

gm (Figure 6), suggesting that it is the proportion among

these components rather than their absolute concentra-

tions that regulates CO2 diffusion through cell walls. It is

perhaps surprising that the positive effect of pectins on gm

provided that pectins are the minority cell wall compound

of the three analysed in these species, ranging from 8% of

the total cellulose + hemicellulose + pectins in Picea glauca

to 15% in T. baccata (Table 2). Pectins have been described

as the embedding matrix components of cell walls. Several

studies described that pectins decrease the sieve size and

increase the complexity of the wall (Leucci et al., 2008,

Houston et al., 2016). However, while this negatively

affects the diffusion of macromolecules, it might not affect

CO2 diffusion, as the pore size of the cell walls is approxi-

mately an order of magnitude larger than the CO2 mole-

cules (Evans et al., 2009). Instead, pectins had been shown

to exhibit hydrocolloid properties and to bind several times

their own volume of water, competing with one another

for available water-forming aqueous phases of their own,

which results in phase separation processes (Schiraldi et

al., 2012). Pectins have also been shown to reduce the bulk

modulus of elasticity in grapevines (i.e. to increase the

elasticity of cell walls in response to water pressures, Roig-

Table 2 Dry leaf mass per unit projected area (LMA), fresh- and dry mass-based leaf cell wall fraction considered as alcohol insoluble resi-
dues (AIR), and dry mass-based hemicellulose, cellulose and pectin fractions of AIR. Average value � SE (n = 4) are shown for AIR and for
each cell wall component

Species
LMA
(g m�2)

AIR (g g�1 fresh
weight)

AIR (g g�1 dry
weight)

Hemicelluloses
(µg glc mg�1 AIR)

Cellulose
(µg glc mg�1 AIR)

Pectins
(µg gal ac mg�1

AIR)

Chamaecyparis
obtusa

228 � 11 0.261 � 0.013 0.606 � 0.031 272 � 4 154 � 9 58 � 3

Juniperus
oxycedrus

197 � 5 0.427 � 0.023 0.870 � 0.042 278 � 11 341 � 9 63 � 2

Picea glauca 184 � 6 0.256 � 0.010 0.635 � 0.024 357 � 35 244 � 11 55 � 6
Sequoiadendron
giganteum

245 � 28 0.217 � 0.037 0.585 � 0.051 234 � 4 159 � 4 65 � 5

Taxus baccata 148 � 9 0.165 � 0.010 0.425 � 0.026 204 � 16 98 � 9 53 � 5
Taxus cuspidata 207 � 3 0.178 � 0.016 0.436 � 0.040 180 � 7 103 � 5 48 � 3
Thuja plicata 201 � 4 0.277 � 0.026 0.713 � 0.068 230 � 9 177 � 7 58 � 1

glc, glucose; gal ac, galacturonic acid.
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Oliver et al., 2020) and wall elasticity has been shown to be

related to cell wall porosity in epidermal cells of Arabidop-

sis (Liu et al., 2019). Therefore, we speculate that an

increased fraction of pectins results in increased cell wall

hydrophilicity and elasticity, thus increasing gm because

CO2 molecules cross the wall dissolved in water. Alterna-

tively, direct chemical interactions between cell wall com-

ponents and CO2 cannot be ruled out and specific studies

are required to address this possibility. In either case, the

effect of the pectins/(cellulose + hemicellulose) ratio on gm

might reflect an effect of cell wall composition in the effec-

tive diffusivity of cell walls.

Conclusions

The present study shows evidence for a correlation of the

effect of cell wall composition on mesophyll CO2 diffusion

resistance in an interspecific comparison. Owing to their

thick cell walls, gymnosperms are at the low end of the

mesophyll conductance range reported for spermato-

phytes, but differences in cell wall composition correlated

with differences in gm within this range, probably reflect-

ing an effect of composition on the effective diffusivity of

the cell wall. The ratio of pectins to hemicelluloses and cel-

lulose was tightly correlated with gm, suggesting an active

Figure 2. Mesophyll conductance to CO2 relation-

ship with key anatomical traits.

Mesophyll conductance to CO2 estimated by chloro-

phyll fluorescence (gm_FLU) in relation to (a) chloro-

plast surface area exposed to intercellular airspaces

per projected leaf area (Sc/S), and (b) cell wall thick-

ness (Tcw). Inset in (b) shows the general relation-

ship observed between gm_FLU and Tcw for vascular

plants, with the relative position of gymnosperm

species highlighted with an ellipse. Species from

this study are marked as filled circles, gymnosperm

species from Veromann-J€urgenson et al. (2017) are

marked as open circles and data from spermato-

phytes species compiled by Onoda et al. (2017) are

marked as orange triangles. Filled circles with error

bars display average � SE values (n = 3–7) for the

seven species considered in the present study. Data

were fitted in (a) by a logarithmic regression in con-

sidering all species, while data from each study

were separately fitted by linear regression in (b).
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Figure 3. Anatomical limitations of mesophyll conductance to CO2.

(a) Relative gas- and liquid-phase mesophyll conductance limitations (lias and lliq, respectively) per species. (b) Relative limitation of liquid-phase components:

cell wall (lcw), plasma membrane (lpl), cytoplasm (lct), chloroplast envelope (len) and stroma (lst) on mesophyll conductance in each species. Error bars represent

standard errors (n = 3–7). Different letters indicate significant differences between ls, lm and lb at the 0.05 probability level based on Tukey’s multiple comparison

test.
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but complex role of pectin relative content on the regula-

tion of effective CO2 diffusivity in the cell wall. The fact that

pectins increase the hydrophilicity and hydraulic elasticity

of cell walls, and that CO2 molecules cross the cell wall dis-

solved in water, suggests that an increasing proportion of

pectins to hemicelluloses and cellulose may increase the

effective CO2 diffusivity in cell walls to compensate the

negative impact of thickened walls.

While these results represent an advance in our mecha-

nistic understanding of gm, more studies are needed on

the relationship between cell wall composition and high

plants to (i) improve the methodological protocol to deter-

mine the cell wall composition on mesophyll tissue only,

to avoid the interference of cuticle, epidermal and vascular

leaf tissue, and (ii) perform the analysis on different plant

groups to confirm the existence of a general role of pectin

proportion in setting effective CO2 diffusivity in mesophyll

cell walls. Moreover, similar studies in groups other than

gymnosperms are needed to confirm this hypothesis, as

there are important differences in the main cell wall com-

ponents between land plant groups (Sarkar et al., 2009;

Popper et al., 2011).

EXPERIMENTAL PROCEDURES

Plant material

Seven 40–70-cm tall plants of seven gymnosperm species were
bought from a nursery. Plants were transplanted into pots (15 L,
30 cm pot diameter) containing 75:25 mixture of horticultural sub-
strate (peat) and pearlite (granulometry A13) and fertilized with
5 g L�1 of slow release fertilizer (Multigreen; Haifa Chemicals,
Madrid, Spain). Plants were grown outdoors fully exposed to direct
sunlight at the University of the Balearic Islands (Mallorca, Spain)

and watered by automatic drip every 3 days to maintain optimum
water status and vigour. Measurements were performed in April
2016 with environmental conditions of 9.0–20.4°C mean min/max
temperatures and 67.6% mean relative humidity. All measurements
were performed on young fully expanded leaves to ensure mature
leaf anatomy and to minimize variation between replicates.

Gas exchange and chlorophyll fluorescence measurement

Leaf gas exchange parameters were measured using a portable
photosynthesis system (LI-6400; LI-COR, Inc., Nebraska, USA) with
an infrared gas analyser coupled with a 2 cm2 leaf fluorescence
chamber (LI-6400-40 leaf chamber fluorometer; LI-COR, Inc.).
Owing to the morphology and thickness of some species, the leaf
chamber was sealed with a non-invasive putty-like adhesive (Blu
Tack, Bostik) to avoid any major air leakage. All measurements
were carried out between 10:00 and 17:00 h (central European
summer time). The block temperature was fixed at 25°C, with air
flow rate between 150 and 200 µmol min�1 to ensure the reliabil-
ity of the measurements and VPD kept between 1.5 and 2.0 kPa
for all measurements.

Leaves from randomly selected plants were fully characterized.
Leaf steady-state conditions were induced at 400 µmol CO2 mol�1

air and saturating photosynthetic photon flux density (PPFD
1500 µmol m�2 sec�1, 90:10 red/blue light). Once steady-state con-
ditions were achieved, typically after 30–40 min, complete light
and CO2 response curves at 21% O2 and CO2 response curves at
2% O2 were performed in random order. Light response curves
were measured at 400 µmol CO2 mol�1 air at PPFD of 2000, 1500,
1000, 800, 600, 400, 200, 150, 100, 50 and 0 µmol m�2 sec�1. CO2

response curves were measured at PPFD 1500 µmol m�2 sec�1 at
cuvette CO2 concentration (Ca) of 400, 50, 100, 200, 300, 400, 600,
800, 1000, 1200, 1500, 2000 and 400 µmol mol�1. Six to seven
curves were performed per response curve type and per species
on different individuals. The order in which curves were per-
formed did not affect the responses. Values of A and steady-state
fluorescence (Fs) were registered immediately after the steady-
state conditions for gas exchange were achieved and then a satu-
rating white light flash approximately 8000 µmol m�2 sec�1 was
applied to determine the maximum fluorescence (Fm

0). Multiphase
flash methodology for chlorophyll fluorescence measurements
was followed, as suggested by Loriaux et al. (2013), to avoid
potential maximum yield underestimation error. The electron
transport rate (ETR) was estimated from Genty et al. (1989) as
ETR = PPFD 9 ΦPSII 9 a 9 b, where ΦPSII is the efficiency of
photosystem II, a the leaf absorbance and b the electrons parti-
tioning between photosystems I and II. ΦPSII was estimated as
ΦPSII = (Fm

0�Fs)/Fm
0 (Genty et al., 1989). The a 9 b parameter was

estimated following Valentini et al. (1995). Light response curves
under non-photorespiratory conditions in a low O2 atmosphere
(<2%) were used to establish the relationship between ΦPSII and
ΦCO2 under non-photorespiratory conditions (with
ΦCO2 = (A + Rd)/PPFD), then considering a 9 b = 4/b where b is
the slope of the ΦPSII ~ ΦCO2 relationship. Non-photorespiratory
respiration during the day (Rd) was estimated as half the respira-
tion rate measured after 2 h of darkness (Niinemets et al., 2005;
Martins et al., 2013; Veromann-J€urgenson et al., 2017). As gym-
nosperm leaves did not fully cover the 2 cm2 cuvette, an image of
the leaf fraction placed in the chamber was taken, and the actual
area was calculated using ImageJ software (Wayne Rasband/NIH,
Bethesda, MD, USA). The corrected areas were used to recalculate
gas-exchange data. Moreover, any measurement performed at a
non-ambient [CO2] was corrected for leaks following Flexas et al.
(2007). Then, gm was estimated following Harley et al. (1992) as:

Figure 4. Relationship between cell wall thickness (Tcw) and cell wall com-

ponents mass per leaf area. Data are means � SE (n = 4) for each species.

Cellulose and hemicellulose are expressed as grams of glucose equivalents

per m2, while pectins are expressed as grams of galacturonic acid equiva-

lents per m2. Linear regressions were fitted to the data.
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gm FLU ¼ AN

Ci � C�ðETRþp2 ANþRdð Þ
ðETR�p1 ANþRdð Þ

(1)

where A is the net assimilation rate, Γ* is CO2 compensation point
in absence of Rd, and Ci the CO2 concentration in intercellular air-
spaces. Γ* was assumed to be 42.5 µmol mol�1 as in Bernacchi et
al. (2001) due to the absence of Γ* values for gymnosperm spe-
cies. Values of p1 and p2, which depend on the limited steps of
ribulose bisphosphate regeneration, where assumed to be 4 and
8, respectively.

Anatomical measurements

Immediately after gas-exchange measurements, small leaf pieces
(3 9 2 mm) of the area enclosed in the leaf chamber were cut off,
immersed and fixed under vacuum pressure with a glutaraldehyde
4% and paraformaldehyde 2% in a 0.1 M phosphate buffer (pH 7.4)
fixing solution. Five plants per species were sampled. Afterwards,
samples were post-fixed in 2% buffered osmium tetroxide for 2 h
and dehydrated in a graded series of ethanol. Dehydrated samples

were embedded in resin (LR-White; London Resin Company, Lon-
don, UK) and solidified in an oven at 60°C for at least 48 h.

Semi-thin cross-sections of 0.8 µm and ultrathin cross-sections
of 90 nm for TEM were cut with an ultramicrotome (Leica UC6,
Vienna, Austria). Semi-thin sections were dyed with 1% toluidine
blue and observed at 2009 magnifications under Olympus BX60
light microscopy (Olympus, Tokyo, Japan) and photographed with
a Moticam 3 (Motic Electric Group Co., Xiamen, China). The ultra-
thin sections were contrasted with uranyl acetate and lead citrate
and viewed at 12009 and 30 0009 magnifications with TEM (TEM
H600; Hitachi, Tokyo, Japan). All images were analysed using IMA-
GEJ software (Schneider et al., 2012). From light microscopy
images leaf thickness (Tleaf), mesophyll thickness (Tmes), number of
palisade layers, fraction of the mesophyll occupied by intercellular
airspaces (fias) and mesophyll surface area exposed to intercellular
airspace (Sm/S) were measured. From TEM images, the cell wall
thickness (Tcw), cytoplasm thickness (Tcyt), chloroplast length (Lchl),
chloroplast thickness (Tchl) and chloroplast surface area exposed to
intercellular airspace (Sc/S) were measured and calculated follow-
ing Tom�as et al. (2013). The cell curvature correction factor was

Figure 5. Photosynthesis and mesophyll conductance to CO2 relationships between cell wall content and components. Relationship between net photosynthesis

(AN) and (a) the mass of cell walls prepared as alcohol insoluble residues per leaf dry weight (AIR) and (b) cell wall components mass per leaf area. Relationship

between mesophyll conductance estimated by (c) chlorophyll fluorescence (gm_FLU) and (d) AIR, and (e) cell wall components mass per leaf area. Cellulose and

hemicellulose are expressed as grams of glucose equivalents per m2, while pectins are expressed as grams of galacturonic acid equivalents per m2. Data are

means � SE of four replicate measurements for each species. Linear regressions were fitted to the data.
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calculated according to Thain (1983). Factors between 1.18 and 1.26
and between 1.37 and 1.48 were applied to cell surface area esti-
mates for mesophyll spongy (oblate spheroids) and palisade cells
(prolate spheroids), respectively. Four to six randomly selected dif-
ferent fields of view were considered per plant replicate to measure
each anatomical characteristic. For each type of mesophyll tissue
(spongy and palisade), 10 measurements were made for Tleaf, Tmes,
fias, Tcw, Sm/S and Sc/S, and 15 measurements per mesophyll type
were made for Lchl and Tchl. Then, weighted averages based on tis-
sue volume fractions were calculated.

Estimation of mesophyll conductance modelled from

anatomical characteristics

The one-dimensional within-leaf gas diffusion model of Niinemets
and Reichstein (2003) modified by Tom�as et al. (2013) was
applied. Mesophyll diffusion conductance as a composite conduc-
tance for within-leaf gas, liquid and lipid components is given as:

gm ANAT ¼ 1
1

gias
þ RTk

H�gliq

(2)

where H is the Henry’s law constant (m3 mol�1 K�1), R is the gas
constant (Pa m3 K�1 mol�1) and Tk is the absolute temperature
(K). H/(RTk) is the dimensionless form of Henry’s law constant
needed to convert a liquid- and lipid-phase conductance (gliq and
glip) into a gas-phase equivalent conductance (Niinemets and
Reichstein, 2003). Gas-phase diffusion depends on the fraction of
mesophyll volume occupied by intercellular air spaces (fias,
m3 m�3), and the effective diffusion path length in the gas phase
(DLias) (Syvertsen et al., 1995; Terashima et al., 2011):

gias ¼ Da � fias
DLias � 1 (3)

where ς is the diffusion path tortuosity (m m�1) and Da (m
2 sec�1) is

the diffusion coefficient for CO2 in the gas phase (1.51�10�5 m2 sec�1

at 22°C). DLias was approximated by mesophyll thickness divided by
two (Niinemets and Reichstein, 2003). An estimate of ςwas used as a
default value of 1.57 m m�1 (Niinemets and Reichstein, 2003; Syvert-
sen et al., 1995). The total liquid-phase conductance is provided by
the sum of the inverse of serial conductances:

1

gliq
¼ 1

gcw
þ 1

gpl
þ 1

gct
þ 1

gen
þ 1

gst

� �
� Sc=S (4)

where partial conductances account for cell wall (gcw), plas-
malemma (gpl), cytosol (gct), chloroplast envelope (gen) and
chloroplast stroma (gst). The cell wall, cytosol and stromal conduc-
tances are given by a general equation:

gi ¼ rf;i � Dw � pi

DLi
(5)

where gi (m sec�1) is either gcw, gct or gst, DLi (m) is the diffusion
path length and pi (m

3 m�3) is the effective diffusivity in the given
part of the diffusion pathway, Dw is the aqueous-phase diffusion
coefficient for CO2 (1.79 10�9 m2 sec�1 at 25°C) and the dimen-
sionless factor rf,i accounts for the decrease of diffusion conduc-
tance compared to free diffusion in water (Weisiger, 1998). For cell
walls where the aqueous-phase diffusion has been shown to
approximate free water, rf,i = 1 (Rondeau-Mouro et al., 2008). The
value of rf was set at 0.3 for gct and gst to account for the reduction
of diffusion conductance due to high concentrations of high
molecular solutes and intracellular (cytoskeleton) and intraor-
ganellar (thylakoids) heterogeneities (Niinemets and Reichstein,
2003). Effective diffusivity, pi, was taken as 1 for gct and gst. Cell
wall porosity (pcw) was taken as 0.028, as applied by Tom�as et al.
(2013) for species with species with Tcw > 0.4 lm. Conductance in
units of m sec�1 can be converted into molar units considering
that

g½mol m�2 sec�1� ¼g½m sec�1�44:6½273:16=ð273:16
þTLÞðP=101:325Þ�;

where TL is the leaf temperature (°C) and P (Pa) is the air pressure.
Owing to the difficulty in measuring the thickness of the plasma
membrane, the chloroplast envelope and the limited information
about the permeability of the lipid-phase membranes, gpl and genv

were assumed as constant values (0.0035 m sec�1) as previously
suggested in other studies (Evans et al., 1994; Peguero-Pina et al.,
2012; Tosens et al., 2012a,b; Tom�as et al., 2013).

Analysis of quantitative limitations of AN and gm

The relative limitations on AN for gymnosperms were calculated
following Grassi and Magnani (2005). This analysis quantifies the
relative importance of stomatal, mesophyll conductance and
biochemical limitations [the latter integrating both Rubisco and
photochemistry/Calvin cycle, because photosynthesis operates at
co-limitation between these two factors; see Gall�e et al. (2009) and
Varone et al. (2012) for further explanation]. Relative limitations,
that is, those imposed by stomatal (ls) or mesophyll conductance
(lmc), and biochemical capacity (lb), were calculated as:

ls ¼
gtot

gs
� dAN

dCc

gtot þ dAN

dCc

(6)

lm ¼
gtot

gm
� dAN

dCc

gtot þ dAN

dCc

(7)

lb ¼ gtot

gtot þ dAN

dCc

(8)

where gs and gm_FLU are the stomatal and mesophyll conduc-
tances to CO2 and gtot is the total conductance (the sum of
inversed serial conductances gm_FLU and gs). dAN/dCc is the slope
of AN/Cc response curves – estimated from 21% O2 A/Ci curves

Figure 6. Relationship between mesophyll conductance estimated by

chlorophyll fluorescence (gm_FLU) and the ratio of pectins to hemicelluloses

and celluloses. Polynomial regression was fitted to the data.
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following Harley et al. (1992) – over a Cc range of 75–
150 µmol mol�1. These three values sum 100% and characterize
the extent to which any of the three limitations curbs photosyn-
thesis at the given values of the other two. The contribution of
the gas-phase and the liquid-phase resistances, and then only of
the different components of cellular resistance, to mesophyll
resistance to CO2 diffusion was estimated from the anatomical
model following Tosens et al. (2016). This share of limitation (li)
by different liquid-phase components was calculated as:

li ¼ gm ANAT

gi � Sc=S
(9)

where li is the limitation by the cell wall, the plasmalemma, cyto-
sol, chloroplast envelope and stroma, and gi refers to the diffusion
conductance of each corresponding diffusion pathway. The limita-
tion of each cellular component was scaled up with Sc/S.

Leaf mass per unit projected area and leaf density

Leaf portions similar to the measured leaves were taken, weighed
to determine the fresh weight and photographed to determine leaf
area. Afterwards, leaf portions were placed in an oven at 60°C
until constant dry weight was reached to calculate the fresh-to-dry
weight ratio and dry leaf mass per unit leaf projected area (LMA).
Leaf density (Dleaf) was calculated as the LMA per Tleaf average
values (Niinemets, 1999).

Cell wall composition determination

Leaves of four plants per species were sampled (approximately
1 g) for cell wall analysis. To minimize the leaf starch content,
sampling was performed early in the morning, immediately fro-
zen in liquid nitrogen and then stored for further analysis. Later,
samples were boiled in absolute ethanol until bleached. After-
wards, to eliminate any alcohol soluble compound, samples
were cleaned in acetone shaking for 30 min twice, and then,
samples were air-dried and homogenized by dry milling. The
resulting AIR, which represents the cell wall crude material, was
treated with a-amylase (Sigma; St. Louis, MO, USA) overnight to
remove the starch retained in the sample. After that iodine/
potassium iodide staining was performed to ensure the samples
were starch free. Then, samples were used for the polysaccha-
ride compounds analysis. For each sample, 3 mg of AIR were
hydrolysed with 2 M trifluoroacetic acid (TFA) for 1 h a 121°C
and then centrifuged at 13 000 g for 10 min. Supernatant (non-
cellulosic cell wall components, mainly hemicellulose and pec-
tins) was separated and kept at 4°C, while precipitated (cellulosic
cell wall components) was cleaned once in distilled water, twice
in acetone and then air-dried. The dry fraction was hydrolysed
with 200 µl sulfuric acid (72%) for 1 h at room temperature,
diluted with distilled water to 6 ml (0.5 M sulfuric acid) and
heated to 121°C for 2 h to obtain the total sugar corresponding
to the cellulose fraction. Total sugars from both AIR fractions
(hemicelluloses and celluloses from the soluble and insoluble
2 M TFA fraction, respectively) were separately determined with
the phenol sulfuric colorimetric method (Dubois et al., 1956) by
considering glucose equivalents as standard in a Varioskan Lux
(Thermo Scientific). Uronic acids (pectins) were quantified from
the soluble 2 M TFA fraction by colorimetry (Blumenkrantz and
Asboe-Hansen, 1973) using 2-hydroxydiphenyl as reagent and
galacturonic acid as standard in a Varioskan Lux. All parameters
were recalculated to a dry-weight basis by using the fresh-to-dry
weight ratio and then transformed to a projected area basis as
Xarea = Xmass/LMA.

Statistical analysis

Pearson correlation matrices were determined to reveal the rela-
tionships between traits. Significances were distinguished at the
P < 0.05, P < 0.01 and P < 0.0001 levels. One-way ANOVA analysis
was used to test the differences in measured traits between spe-
cies. The differences between means were detected by Tukey’s
honest significant difference tests (P < 0.05). These analyses were
performed with the software package SPSS 11.0 (SPSS, Chicago, IL,
USA).
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