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Summary 

Mesophyll (internal) conductance to CO2 (gm) is a key photosynthetic trait. 

Despite it has been traditionally considered infinite, gm limits the diffusion of CO2 

from the substomatal cavity to the sites of carboxylation in the chloroplast and 

varies in response to environmental factors, either in the short- (i.e. seconds to 

minutes) and long-term, along leaf ontogeny and differs between genotypes and 

phylogenetic groups. However, although several structural and biochemical 

determinants regulating gm have been identified, the mechanistic basis of gm 

variability are not fully understood. Among them, the mechanisms explaining the 

immediate changes of gm to environmental variations are unknown. Moreover, 

the extent of the effect of such variations on gm is reduced to a few species, 

notably crops and plant model species, being the information available on gm and 

its anatomical determinants in important groups of terrestrial plants (such as 

pteridophytes, lycophytes or bryophytes) very scarce. To determine these 

mechanistic bases and the different anatomical strategies that exist in 

photosynthetic organs is crucial for improving photosynthesis models and 

pinpointing targets for engineering leaf structure to enhance photosynthetic 

capacity in crops. 

The objectives of the present thesis are (1) to provide further insights on 

how the environment modulates the relationship between leaf anatomy and 

mesophyll conductance to CO2, and (2) to determine the main leaf anatomy traits 

influencing mesophyll conductance to CO2 across the land plant phylogeny. 

The results show that typically observed changes in gm in response to 

short-term variations in ambient CO2 concentrations or light intensity are not 

explained by anatomical mechanisms in tobacco. Instead, anatomical 

mechanisms largely explain the acclimation of gm to different light growth 

conditions in Arabidopsis. Leaves developed under higher irradiances present 

thicker leaves, allowing space for more mesophyll cells, which improves the 

mesophyll and chloroplast surface area exposed to intercellular airspaces per 

leaf area (Sm/S and Sc/S, respectively) and positively affecting gm. The role of cell 

walls on setting gm increases its relevance along Arabidopsis leaf ageing due to 

the increase of cell wall thickness (Tcw) regardless of the light intensity.  
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Concerning different phylogenetic groups, the present PhD thesis 

represents the first exhaustive analysis of gm and the anatomical features that 

determines it in three of the most primitive embryophyte groups: pteridophytes, 

lycophytes and bryophytes. These land plant groups are distinguished by their 

low gm values, generally explained by their low Sc/S and their thick cell walls. 

These findings demonstrate a phylogenetic trend —whether due to evolutionary 

adaptation and/or adaptation to different habitats or life forms— towards 

decreased CO2 diffusion resistance inside photosynthetic organs mainly thanks 

to increased Sc/S and decreased Tcw along the land plant’s phylogeny. 

For a deeper understanding of the leaf structural strategies that allow to 

increase Sc/S, and therefore decrease total CO2 diffusion resistance in the 

mesophyll, the exceptional nature of Thuja plicata is investigated. T. plicata 

proves to be able to achieve the highest Sc/S ever reported by developing thick 

leaves and mesophyll cells, revealing another biologically viable target for 

manipulating the leaf structure in order to increase plants’ photosynthetic 

capacity. 

Finally, the study of physiological traits and cell wall properties in seven 

conifers reveals that, at least in species with thick cell walls, cell wall chemical 

properties are strong determinants of gm. Specifically, the pectin fraction content 

seems to have a crucial role in regulating gm. 
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Resum 

La conductància del mesòfil (interna) al CO2 (gm) és un tret fotosintètic 

clau. La gm, malgrat haver estat considerada tradicionalment com a infinita, limita 

la difusió del CO2 des de la cavitat subestomàtica fins als llocs de carboxilació 

en el cloroplast i, a més, varia en resposta de factors ambientals, tant a curt (és 

a dir, de segons a minuts) com a llarg termini, durant l’ontogènia foliar, i entre 

genotips i grups filogenètics. No obstant això, tot i que s’han identificat diversos 

determinants estructurals i bioquímics que regulen la gm, les bases mecanicistes 

de la variabilitat de la gm no són completament compreses. Entre aquestes 

bases, es desconeixen els mecanismes que expliquen els canvis immediats de 

la gm a variacions ambientals. A més, l’abast de l’efecte d’aquestes variacions 

sobre la gm es redueix a unes poques espècies, principalment a cultius i espècies 

de plantes model, de tal manera que és molt escassa la informació disponible 

sobre la gm i els seus determinants anatòmics en grups importants de plantes 

terrestres (com els pteridòfits, els licòfits o els briòfits). Determinar aquestes 

bases mecanicistes i les diferents estratègies anatòmiques que existeixen en els 

òrgans fotosintètics és crucial per millorar els models fotosintètics i per identificar 

les dianes per a redissenyar l’estructura de les fulles i millorar la capacitat 

fotosintètica dels cultius. 

Els objectius d’aquesta tesi són (1) proporcionar més informació sobre 

com l’ambient modula la relació entre l’anatomia de les fulles i la conductància 

del mesòfil al CO2, i (2) determinar els principals trets anatòmics foliars que 

influencien la conductància del mesòfil al CO2 al llarg de la filogènia de les 

plantes terrestres. 

Els resultats mostren que els canvis típicament observats en gm en 

resposta a variacions a curt termini de les concentracions ambientals de CO2 o 

de la intensitat lumínica no s’expliquen per mecanismes anatòmics en el tabac. 

En canvi, els mecanismes anatòmics expliquen en gran mesura l’aclimatació de 

la gm a diferents condicions lumíniques de creixement en el cas de l’Arabidopsis. 

Les fulles desenvolupades sota irradiacions superiors presenten fulles més 

gruixudes, fet que permet més espai per a cèl·lules del mesòfil i augmenta l’àrea 

de superfície del mesòfil i cloroplàstica exposada als espais aeris intercel·lulars 
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per unitat d’àrea foliar (Sm/S i Sc/S, respectivament). Conseqüentment, això 

afecta positivament a la gm. El paper de les parets cel·lulars en la determinació 

de la gm augmenta en rellevància durant l’envelliment de les fulles de 

l’Arabidopsis a causa de l’augment de la gruixa de la paret cel·lular (Tcw), 

independentment de la intensitat lumínica de creixement. 

Pel que fa als diferents grups filogenètics, aquesta tesi doctoral representa 

el primer anàlisi exhaustiu de la gm i les característiques anatòmiques que la 

determinen en tres dels grups més primitius d’embriòfits: pteridòfits, licòfits i 

briòfits. Aquests grups de plantes terrestres es distingeixen per una gm baixa, 

generalment explicada per la baixa Sc/S i les gruixudes parets cel·lulars. Aquests 

resultats demostren una tendència filogenètica —ja sigui com a resultat d’una 

adaptació evolutiva i/o una adaptació a diferents hàbitats o formes de vida— cap 

a la disminució de la resistència a la difusió del CO2 dins els òrgans fotosintètics 

al llarg de la diversificació de les plantes terrestres. Això és possible 

principalment gràcies a l’augment de Sc/S i la disminució de la Tcw. 

Per tal de comprendre més profundament les estratègies estructurals que 

permeten assolir majors Sc/S a les fulles i que, per tant, disminueixen la 

resistència total a la difusió del CO2 en el mesòfil, s’ha investigat el caràcter 

excepcional de Thuja plicata. Aquesta espècie demostra la capacitat 

d’aconseguir la Sc/S més elevada que s’ha reportat mai gràcies al 

desenvolupament de fulles gruixudes i cèl·lules del mesòfil de gran mida, el que 

identifica una nova estratègia biològicament viable per manipular l’estructura de 

les fulles i així augmentar la capacitat fotosintètica. 

Finalment, l’estudi dels característiques fisiològiques i de les propietats de 

la paret cel·lular a set coníferes demostra que, almenys en espècies amb parets 

cel·lulars gruixudes, les propietats químiques de la paret cel·lular determinen de 

forma important la gm. Específicament, la fracció de pectines sembla tenir un rol 

crucial en la regulació de gm. 
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Resumen 

La conductancia del mesófilo (interna) al CO2 (gm) es un rasgo 

fotosintético clave. La gm, a pesar de haber sido considerada tradicionalmente 

como infinita, limita la difusión del CO2 desde la cavidad subestomática hasta los 

sitios de carboxilación en el cloroplasto i, además, varía en respuesta a factores 

ambientales, tanto a corto (es decir, de segundos a minutos) cómo a largo 

termino, durante la ontogenia foliar, y entre genotipos y grupos filogenéticos. Sin 

embargo, pese a que se han identificado diversos determinantes estructurales y 

bioquímicos que regulan la gm, las bases mecanicistas de la variabilidad de la gm 

no son completamente comprendidas. Entre estas bases, se desconocen los 

mecanismos que explican os cambios inmediatos de la gm a variaciones 

ambientales. Además, el alcance del efecto de estas variaciones sobre la gm se 

reduce a unas pocas especies, principalmente a cultivos y especies de plantas 

modelo, de tal manera que es muy escasa la información disponible sobre la gm 

y sus determinantes anatómicos en grupos importantes de plantas terrestres 

(cómo los pteridófitos, los licófitos o los briófitos). Determinar estas bases 

mecanicistas y las diferentes estrategias anatómicas que existen en los órganos 

fotosintéticos es crucial para mejorar los modelos fotosintéticos y para identificar 

las dianas para rediseñar la estructura de las hojas y mejorar la capacidad 

fotosintética de los cultivos. 

Los objetivos de esta tesis son (1) proporcionar más información sobre 

cómo el ambiente modula la relación entre la anatomía de las hojas y la 

conductancia del mesófilo al CO2, y (2) determinar los principales rasgos 

anatómicos foliares que influencian la conductancia del mesófilo al CO2 a lo largo 

de la filogenia de las plantas terrestres. 

Los resultados muestran que los cambios típicamente observados en gm 

en respuesta a variaciones a corto término de las concentraciones ambientales 

de CO2 o de la intensidad lumínica no se explican por mecanismos anatómicos 

en el tabaco. En cambio, los mecanismos anatómicos explican en gran medida 

la aclimatación de la gm a diferentes condiciones lumínicas de crecimientos en el 

caso de la Arabidopsis. Las hojas desarrolladas bajo irradiaciones superiores 

presentan hojas más gruesas, hecho que permite más espacio para células del 
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mesófilo y aumenta el área de superficie del mesófilo y cloroplástica expuesta a 

los espacios aéreos intercelulares por unidad de área foliar (Sm/S y Sc/S, 

respectivamente). En consecuencia, esto afecta positivamente a la gm. El papel 

de las paredes celulares en la determinación de la gm aumenta en relevancia 

durante el envejecimiento de las hojas de la Arabidopsis a causa del aumento 

del grosor de la pared celular (Tcw), independientemente de la intensidad 

lumínica de crecimiento. 

Por lo que se refiere a los diferentes grupos filogenéticos, esta tesis 

doctoral representa el primer análisis exhaustivo de la gm y las características 

anatómicas que la determinan en tres de los grupos de embriófitos más 

primitivos: pteridofitos, licófitos y briófitos. Estos grupos de plantas terrestres se 

distinguen por una gm baja, generalmente explicada por la baja Sc/S y las gruesas 

paredes celulares. Estos resultados demuestran una tendencia filogenética —ya 

sea cómo resultado de una adaptación evolutiva y/o una adaptación a diferentes 

hábitats o formas de vida— hacia la disminución de la resistencia a la difusión 

del CO2 dentro de los órganos fotosintéticos a lo largo de la diversificación de las 

plantas terrestres. Esto es posible principalmente gracias al aumento de Sc/S y 

la disminución del Tcw. 

Para comprender más profundamente las estrategias estructurales que 

permiten alcanzar mayores Sc/S a las hojas y que, por tanto, disminuyen la 

resistencia total a la difusión del CO2 en el mesófilo, se ha investigado el carácter 

excepcional de Thuja plicata. Esta especie demuestra la capacidad de conseguir 

la Sc/S más elevada que se ha reportado nunca gracias al desarrollo de hojas 

gruesas y células del mesófilo de gran tamaño, lo que identifica una nueva 

estrategia biológicamente viable para manipular la estructura de las hojas y así 

aumentar la capacidad fotosintética. 

Finalmente, el estudio de las características fisiológicas y de las 

propiedades de la pared celular en siete coníferas demuestra que, al menos en 

especies con paredes celulares gruesas, las propiedades químicas de la pared 

celular determinan de forma importante la gm. Específicamente, la fracción de 

pectinas parece tener un rol crucial en la regulación de gm. 
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Mesophyll conductance: a key photosynthetic trait 

Practically all life on Earth ultimately depends on photosynthetic energy 

capture and conversion to energy-rich organic molecules. In plants, this process 

is performed in beautifully specialized organs designed to maximize the use of 

light and CO2 for photosynthesis. Most plants species fix CO2 molecules into a 3-

carbon (C3) acid by the enzyme Ribulose-1,5-bisphosphate 

carboxylase/oxygenase (Rubisco) in the chloroplast. This process depends on 

the capacity to diffuse from the atmosphere to the carboxylation sites in the 

chloroplast stroma, as well as on the carboxylation capacity of Rubisco (Gaastra 

1959, Farquhar et al. 1980). Early studies dedicated to the photosynthetic 

diffusional limitations included the identification of both stomatal and mesophyll 

diffusion (Gaastra 1959).  

With the spread of gas exchange analysis as the most useful tool for in 

vivo assessment of photosynthesis, models and assumptions were developed. 

Although these allowed quantitative separation of stomatal diffusion from ‘other’ 

limitations to photosynthesis, they were not designed to separate mesophyll 

diffusion conductance from other ‘conductances’ related to the biochemical 

capacity of photosynthesis (Sestak et al. 1971). Consequently, CO2 diffusion 

inside photosynthetic tissues was included in an integrative term (referred to as 

‘internal conductance’) that pooled diffusional and biochemical components, or 

alternatively and most frequently – specially after the most commonly used leaf 

photosynthesis model was published (Farquhar et al. 1980) – neglected. 

Neglecting potential limitations imposed by CO2 diffusion implies assuming 

infinite mesophyll conductance, which in turn implies the assumption that the sub-

stomatal CO2 concentration (Ci) equals the concentration in the chloroplast 

stroma (Cc). 

Thus, photosynthesis in plants has been considered for decades to be 

limited only by two factors: the velocity of diffusion of CO2 through stomata and 

the capacity of photosynthetic machinery to convert light energy to biochemical 

energy and fix CO2 into sugars. However, once it was demonstrated and 

accepted by most of the scientific community that mesophyll conductance to CO2 

(gm) is finite, and possibly dynamically regulated, it became important to quantify 
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how much mesophyll diffusion limits photosynthesis. Nowadays CO2 diffusion 

conductance through the mesophyll from the substomatal cavities to the 

chloroplast stroma (i.e. gm), is recognized as one of the main drivers of the net 

assimilation rate (AN; Flexas et al 2008, 2018a; Warren 2008a). The different 

steps CO2 goes through until reaching Rubisco account for various components 

in which gm can be disclosed. gm comprises both gaseous, represented by the 

intercellular air spaces of the leaf mesophyll, and aqueous phases, accounting 

for the diffusion of CO2 across cells, (i.e. cell walls, lipid membranes, cytosol and 

chloroplast stroma; Evans et al 2009). The aqueous phase usually drives the 

overall gm, as cell walls -primarily its thickness (Tcw)- and the chloroplast surface 

area exposed to intercellular airspaces per unit of leaf surface area (Sc/S) have 

been widely described to be the main gm anatomical drivers (Terashima et al 

2011; Tomàs et al 2013; Onoda et al 2017; Flexas et al 2018a; Ren et al. 2019). 

These characteristics partially explain the variability of photosynthesis, being low 

gm values usually associated to thick cell walls and lower chloroplast exposure 

(Tosens et al 2016; Veromann-Jürgenson et al 2017). 

 

The CO2 diffusion pathway inside photosynthetic organs 

Before entering into the leaf from the surrounding atmosphere, CO2 

molecules must pass through a boundary layer where impaired air turbulence 

exert the first resistance to diffusion. From there, because the cuticle and the 

epidermal cells are largely impermeable to CO2 diffusion, most molecules diffuse 

across the stomatal pore —in the leaves where stomata are present—, following 

the gradient from higher to lower CO2 concentrations, to reach the substomatal 

cavities and entering into the mesophyll. From the substomatal cavity, CO2 

continues diffusing thanks to the strong diffusional gradient created by the carbon 

fixation by the enzyme ribulose-1,5-bisphosphate carboxylase-oxygenase 

(Rubisco). This subsequent diffusion is characterized by a conductance globally 

known as mesophyll conductance. This is a complex diffusion pathway starting 

by a gas phase —in the photosynthetic organs with a proper mesophyll— and 

then CO2 dissolves and moves through a liquid phase until it reaches the 

carboxylation site in the chloroplast stroma (Fig. 1). Each of the components of 
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these gas and liquid phases impose a particular resistance to CO2 diffusion, by 

physical barriers and/or biochemical components. The sum of the series of 

resistances to CO2 diffusion defines the total efficiency of CO2 diffusion through 

the photosynthetic organ (i.e. CO2 diffusion conductance inside photosynthetic 

organs, generally referred as gm).  

 

Figure 1. CO2 pathway from atmosphere to the sites of carboxylation in photosynthetic 

organs with stomata (upper graph, including boundary layer, stomatal and mesophyll CO2 

conductances, gb, gs and gm, respectively) and photosynthetic tissues lacking stomata 

(lower graph, boundary layer and total CO2 conductances gb and gt, respectively). ias 

intercellular airspace. From Flexas et al. (2018). 

The gas phase of the mesophyll CO2 pathway comprises the diffusion 

through the intercellular airspaces from the substomatal cavity to the outer 

surface of mesophyll cell walls. Resistance in the gas phase is mainly defined by 

the leaf thickness (Tleaf) and the effective porosity of the mesophyll (fias), two 

morphological traits that in turn influence the tortuosity, the intercellular airspace 

connectivity and the lateral conductance. Compared to liquid, CO2 diffusivity in 
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the gas phase is four orders of magnitude larger, thus is generally considered to 

be the component that causes a lower resistance to the CO2 diffusion, being even 

neglected in many studies (Evans et al. 2009, Tholen et al. 2012, Earles et al. 

2018, Ellsworth et al. 2018). However, recent 3D approaches embracing for the 

complex mesophyll structure revealed that gas phase limitations to gm can be 

significantly high in thick leaves with especially dense mesophylls (Earles et al. 

2018, 2019). 

After crossing the gas phase, CO2 dissolves into the apoplastic water at 

the surface of the cell wall, starting liquid phase. As CO2 diffusion rate is 

significantly low in the liquid phase, the main CO2 stream from the outer surface 

of cell wall to chloroplast stroma occurs through the shortest and most effective 

pathway. Consequently, the chloroplast surface area exposed to intercellular 

airspaces per unit of leaf area (Sc/S) is proportional to gm and one of the main 

anatomical traits determining maximum mesophyll conductance (Tholen et al. 

2008, Terashima et al. 2011, Tomás et al. 2013, 2014, Tosens et al. 2016, 

Peguero-Pina et al. 2017).  

Once in the liquid phase, CO2 molecules have to cross an intricate 

polysaccharide-rich primary cell wall. Resistance to CO2 diffusion here depends 

on cell wall thickness (Tcw), porosity and tortuosity. Tcw is very variable (ranging 

from 0.10 to 1.15 m within angiosperm species; Ouyang et al. 2017, Wang et al. 

2018) and is considered to be, together with Sc/S, a major driver of mesophyll 

resistance (Evans et al. 2009, Terashima et al. 2011, Tomás et al. 2013, Ren et 

al. 2019). In contrast, the resistance imposed by cell wall effective porosity 

(tortuosity/porosity) has been scarcely studied. Although there are no direct 

measurements of the effective porosity for CO2 diffusion for cell walls of land 

plants, it has been suggested that effective porosity might be inversely 

proportional to Tcw (Terashima et al. 2016, Tosens et al. 2012a, Tomás et al. 

2013). Recently, although indirect, some first evidences of the key role of cell wall 

composition on cell wall conductance have been reported (Gago et al. 2016, 

Ellsworth et al. 2018). 

The next component of the pathway in which CO2 molecules must diffuse 

according to the CO2 gradient is the plasma membrane. Early studies suggested 
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that due to the lipid nature of this membrane the diffusivity of lipophilic gases like 

CO2 should be high (Meyer 1899, Overton 1901). However, the large proportion 

of proteins as well as the presence of other molecules, like sterols, might 

importantly increase the difussion resistance of this component (Tremmel et al. 

2003, Engelman 2005, Itel et al. 2012). Aquaporins, a family of transmembrane 

proteins, function as facilitators of the diffusion small molecules, like H2O, and in 

some subfamilies, also for CO2, thus improving gm (Terashima and Ono 2002, 

Hanba et al. 2004, Otto et al. 2010, Abascal et al. 2014, Yaneff et al. 2015). 

The cytosol layer comprised between plasma membrane and chloroplast 

envelope constitutes the third component of the liquid-phase pathway. As 

chloroplasts are generally lined with cell walls, the pathway in this media tends to 

be short (Evans et al. 2009, Flexas et al. 2018), but there are some evidences of 

decreased gm due to the removal of the chloroplasts from the cell wall (e.g. 

Sharkey et al. 1991, Tomás et al. 2013, Lu et al. 2018). 

Chloroplast constitutes the last and major resistance for CO2 diffusion, 

which comprises two components, the chloroplast envelope membrane and the 

stroma. Regarding to the membrane, due to its similarity with plasma membrane 

and the presence of aquaporins both are considered to be of the same order of 

relevance for the CO2 diffusivity (Uehlein et al. 2008). In contrast, the stroma is 

considered, together with Tcw and Sc/S, a key anatomical determinant of 

mesophyll resistance (Evans et al. 2009, Terashima et al. 2011, Tosens et al. 

2012, Tomás et al. 2013, Han et al. 2018). In the chloroplast stroma and the 

cytosol carbonic anhydrases may mediate CO2 diffusion by hydrating CO2 

molecules to bicarbonate (Flexas et al. 2008). However, the role of carbonic 

anhydrases is still unclear, as some studies did not find a relationship between 

gm and carbonic anhydrase activity (Price et al. 1994, Williams et al. 1996, Han 

et al. 2016), but others did (Momayyezi and Guy 2017). Once CO2 molecules 

reach the chloroplast stroma, carbon fixation is finally possible and carried out by 

the enzyme ribulose-1,5-bisphosphate carboxylase-oxygenase (Rubisco), but 

also in a small percentage by other carboxylases, such as bicarbonate by 

phosphoenolpyruvate carboxylases (PEPC) (Weissbach et al. 1956, O’Leary 

1982, Melzer and O’Leary 1987). 
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Methods to estimate mesophyll (internal) CO2 diffusion 

conductance 

Mesophyll or internal conductance to CO2 (here, only gm is used for 

simplicity) is a photosynthetic trait comparable to a black box. It cannot be 

measured, thus requires from complex methods based on theoretical 

considerations and assumptions as well as combining different techniques to 

estimate or to model it. gm represents the efficiency of CO2 diffusion from 

intercellular airspaces to the carboxylation site in the chloroplast stroma in leaves, 

and its determination requires to know the substomatal and chloroplastic CO2 

concentrations (Ci and Cc, respectively), as well as the net photosynthesis (AN). 

In the case of photosynthetic organs other than leaves lacking stomata and 

proper mesophyll (e.g. bryophytes), ambient CO2 concentration (Ca) instead of Ci 

is considered. AN can be measured with gas exchange equipment, and stomatal 

conductance (gs) and Ci easily estimated from transpiration measurements (von 

Caemmerer and Farquhar 1981). However, there are no direct methods to 

calculate Cc. In this section, a brief relation of the fundamentals, key questionable 

assumptions, as well as potential errors and advantages for the most accepted 

methods to either estimate or model gm are presented. A more detailed revision 

has been recently performed in Flexas et al. (2018). 

 

I. Variable J method 

This method, developed by Di Marco et al. (1990) and Harley et al. (1992) 

has been and is the most widely used to estimate gm. It is based on the 

fundamental that there is a balance in C3 plants between Rubisco carboxylation 

and oxygenation that depends on (1) Rubisco kinetic properties and (2) CO2 

availability in chloroplasts. The first assumption of this method requires that O2, 

due to its large concentration in the atmosphere at this era, is never limiting. 

Considering this, chlorophyll fluorescence (i.e. electron transport rate, ETR or J) 

can be used as a proxy for ‘gross photosynthesis’, while AN obtained from gas 

exchange reflects the net balance between photosynthesis (i.e. carboxylation), 

photorespiration and day mitochondrial respiration (Rd). Therefore, knowing or 
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assuming Rubisco kinetics and applying the basic equations and photo/electron 

stoichiometries for both processes, Cc can be estimated and, from it and gas 

exchange-based Ci, gm. 

The strength of this method depends on the fulfillment of several 

questionable assumptions (Pons et al. 2009, Flexas et al. 2018): (1) that 

chlorophyll fluorescence and gas exchange arise from the same cell pool, while 

in fact the former arises from the top cell layer while the latter reflects an 

integration of the whole leaf; (2) that alternative electron sinks besides Rubisco 

carboxylation and oxygenation (e.g. nitrite reduction or the Mehler reaction) are 

negligible; (3) that ETR is accurately calculated —in the absence of adequate 

leaf absorptance and photosystem partitioning estimates it is essential to apply a 

calibration under low O2 conditions as proposed by Valentini et al. (1995)—; (4) 

that Rd is properly estimated —given the problems indicated for all the existing 

methods (e.g. Kok (1948), Laisk (1977), Yin et al. (2009), etc), applying a 

sensitivity analysis is the optimum solution for this. 

Important potential errors associated this method are (1) the type II errors 

(Gu and Sun 2014), the recycling of (photo)respired CO2 (Tholen and Zhu 2011, 

Ubierna et al. 2019), and (3) the apparent gm variation due to intra-leaf light 

profiles when measuring under no full light saturation (Théroux-Rancourt et al. 

2017). 

Despite the several somewhat risky assumptions and potential errors, this 

method has the advantages of being the most portable method (together with the 

curve-fitting; see below), being easy to use in any sort of species and/or in the 

field, and being the most robust method at low gm values (Pons et al. 2009). 

 

II. Curve-fitting method 

This method is based on the photosynthesis model of Farquhar et al. 

(1980), where the part limited by the activity of Rubisco is described as: 

𝐴N = 𝑉𝑐𝑚𝑎𝑥

𝐶𝑖 − Γ∗

𝐶𝑖 +  𝐾𝑐 + (1 + 𝑂/𝐾𝑜)
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where Vcmax is the carboxylation capacity, * the CO2 compensation point 

in absence of mitochondrial respiration, and Kc and Ko the catalytic constants for 

the carboxylation and oxygenation reactions of Rubisco, respectively. Then, by 

substituting Ci in Farquhar’s equation by AN/(gm + Cc) it is possible to 

simultaneously solve for Vc,max, gm and —if no independent estimate is 

available— Rd, which is achieved by curve-fitting (e.g. least-square differences) 

of the model to actual data obtained by running AN-Ci response curves.  

Although there are no key questionable assumptions for this method, it 

has several potential errors/limitations: (1) the degrees of freedom and accuracy 

when solving up to three unknowns with a single equation are low (Pons et al. 

2009); (2) because of this, many different versions of the model exist (Ethier and 

Livingston 2004, Dubois et al. 2007, Sharkey et al. 2007, Bellasio et al. 2016…) 

that, in fact, are simply small variations in the equations and/or in the way of 

obtaining either the empirical data or some of the necessary model inputs (i.e. 

they do not really improve the overall low accuracy of the method). Finally, the 

greatest advantage of this method is that only gas exchange measurements are 

needed (Pons et al. 2009). 

 

III. Isotopic method 

This method is based on the fundamental that 13C isotope discrimination 

occurs during CO2 diffusion in the boundary layer, stomata and mesophyll, as 

well as during carboxylation by Rubisco and/or PEP carboxylase. As all the 

discrimination factors except gm are known (stomata diffusion is represented by 

gas-exchange-estimated Ci/Ca ratio), it is possible to estimate a ‘theoretical 

discrimination’ for a given condition, and to compare it with the actual 

discrimination measured by a mass spectrometer, a tunable laser diode or a 

cavity ring spectroscope. The differences between theoretical and actual 

discriminations are ascribed to a finite and variable gm (Evans 1989, Lloyd et al. 

1992). 

Key questionable assumptions of this method are (1) the validity of the 

assumed constant values for discrimination, and (2) the assumed percentage of 
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carboxylation via PEP carboxylase versus Rubisco. Regarding to the potential 

errors, the most noteworthy are (1) the leakage between the two connected 

instruments (13C one and the infra-red gas analyzer), and (2) that current 13C 

instruments have low accuracy, so gm estimates are only accurate when gm is 

particularly high (Pons et al. 2009). 

 

IV. Anatomical 1-D model 

The relevant characteristic of this method is that is the only one that can 

provide completely independent estimates of the other three methods, which are 

all based totally or partially on gas exchange measurements. Among the 

available analytical models, the 1D model of Niinemets and Reichstein (2003), 

later improved by Tosens et al. (2012b) and Tomás et al. (2013), is the most 

widely used. This model uses as main inputs anatomical features —Tleaf, fias, Sc/S, 

Tcw, cytoplasm thickness and chloroplast thickness and length— estimated from 

light microscopy and transmission electron microscopy images combined with 

the assumption of parameters such as wall porosity, membrane permeability, 

diffusion viscosity, and effective path length of CO2 diffusion, models the 

resistance imposed by the different gas-phase and liquid-phase components of 

the CO2 pathway to provide a value for the optimal gm. 

Its key questionable assumptions or potential errors are (1) the elevated 

number of biophysical diffusion properties that are assumed as constants or 

obviated (which have been substantially reduced in recent models, e.g. Ho et al. 

2016, Xiao and Zhu 2017), (2) the simplification of the complex nature of the 

different liquid- and lipid-phase components as ‘pure water’ or ‘pure lipid’, and (3) 

the simplification of the complexity of a 3D photosynthetic organ to the information 

obtained from simple leaf cross-sections (Théroux-Rancourt et al. 2016, Earles 

et al. 2018, 2019). 
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Short-term, medium-term and long-term responses of mesophyll 

conductance 

Once the nature, mechanistic basis and the most accepted estimation 

methods of gm have been introduced, this section presents the evidence of the 

gm variability and response to environmental factors. Despite the potential 

problems or artifacts or calculations of the current methods to estimate mesophyll 

conductance (as introduced in the previous section), gm remains recognized as a 

major factor that explains responses of photosynthesis to environmental factors 

from the short- (i.e. from the seconds to minutes), mid- (days to years; 

acclimation), and long-term (evolutionary adaptations). 

 

I. Short-term responses of mesophyll conductance to abiotic 

environmental variables 

Photosynthesis is extremely sensitive to short-term fluctuations in 

environmental stimuli (i.e. light, CO2 and temperature). It is widely accepted that 

the regulation of stomata aperture in response to short-term environmental 

variations, favoring or limiting the CO2 entry in the substomatal cavities, or the 

fast and regulated adjustments in the photochemical and biochemical activities, 

are major causes explaining the responses of AN to most of these changes at 

least in angiosperms (Adams and Terashima 2018). However, while gm has also 

been suggested to respond in the short term, the mechanistic basis of its 

regulation are not fully understood. 

The short-term responses of gm have been assessed in several studies 

using the two classic methods to estimate instantaneous gm, the variable J, based 

on leaf chlorophyll fluorescence, and the stable isotope 13C discrimination method 

(Harley et al. 1992, Evans 1989, Lloyd et al. 1992). In particular, studies have 

focused mostly on the short-term gm responses to temperature, CO2 and light, 

which can be easily assessed with commercial gas-exchange systems which 

incorporate automatable software tools to perform response curves (i.e. AN-PAR, 

AN-Ci or AN-T, respectively). 
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The temperature response of mesophyll conductance, for instance 

appears to be species-specific. In general, gm responds strongly to leaf 

temperature, increasing from low to high temperatures, but with different slopes 

and/or different behaviors above a given maximum threshold temperature 

(Bernacchi et al. 2002, Warren and Dreyer 2006, Yamori et al. 2006, Scafaro et 

al. 2011, Evans and von Cammerer 2013, von Caemmerer and Evans 2015, 

Xiong et al. 2015, Shrestna et al. 2018). 

In spinach and Brassica, the optimum temperature for gm was shown to be 

dependent on the growth temperature. In spinach it was 25ºC and 20ºC for plants 

grown at 25-30ºC and 10-15ºC (Yamori et al. 2006), and in Brassica the effects 

were even more dramatic between plants grown at 20-25ºC and 5ºC (Flexas et 

al. 2008). In tobacco, according to Bernacchi et al. (2002) gm increases 

exponentially following an increase in temperature from 10 to 35ºC, but 

decreases thereafter. The Q10 of gm was approximately 2.2, which is comparable 

to the 1.8-2.0 found by Yamori et al. (2006). Because the Q10 of CO2 diffusion in 

water is about 1.25, larger Q10 values described for gm suggest that this is 

regulated by a protein facilitated process. On the other hand, in Eperua 

grandiflora, gm decreased slightly with increasing temperature from 28ºC to 38ºC 

(Pons and Welschen 2003). The reasons for these different responses of gm to 

temperature are unclear. To address this, Evans and von Caemmerer (2013) and 

von Caemmerer and Evans (2015) used the carbon isotope method to investigate 

the temperature dependency of gm in nine different plant species. A variety of 

responses was observed; for example, gm varied about three-fold from 15 to 40ºC 

in tobacco, while almost no changes occurred in Lophostemon confertus and 

Triticum aestivum over the same range. Therefore, the responses of gm to 

temperature seem to be species-dependent, but more research efforts are 

required to clarify its effects (Flexas et al. 2018). 

In the case of fluctuations of the CO2 concentration surrounding the leaf, 

many studies, using both variable J and stable isotope discrimination methods, 

have reported a sensitive response of gm. Increases in the atmospheric [CO2] 

causing increases in Ci provoked concomitant decreases in gm. A decrease in gm 

with an increase in CO2 was reported for many species using different measuring 

techniques (Flexas et al. 2007a, b, Vrabl et al. 2009, Douthe et al. 2011, Tazoe 
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et al. 2011, Xiong et al. 2015). However, in wheat, gm hardly decreased in 

response to an increase in CO2, even when gs decreased as usually observed in 

many species (Tazoe et al. 2009). Some of the observed rapid responses could 

be methodological artefacts (Gu and Sun 2014). Nevertheless, it seems likely 

that gm in wheat is much less responsive to environmental clues, not only CO2 

but also e.g. temperature, as compared to other species (Tazoe et al. 2009, von 

Caemmerer and Evans 2015). Using a three-dimensional reaction model, Tholen 

and Zhu (2011) suggested that leakage of HCO3 through the chloroplast 

envelopes may be a possible explanation for the decrease in gm at high CO2. As 

with temperature, more research efforts are required to start understanding the 

responses of gm to CO2. 

Concerning short-term fluctuations in light intensity, the number of reports 

is sensibly lower than for temperature or CO2. However, an apparent decrease in 

gm has been shown when measured under reduced light intensity in tobacco 

(Flexas et al. 2007b) and rice (Xiong et al. 2015), using the fluorescence 

technique. On the other hand, Tazoe et al. (2009), using the isotope 

discrimination technique, showed that gm was independent of variation in light 

intensity. The latter authors carefully took into account the effects of fractionation 

associated with photorespiration and day-respiration in calculating gm. 

Nevertheless, using the very same techniques and considerations, Douthe et al. 

(2011, 2012) found significant light-induced short term changes of gm in 

Eucalyptus seedlings. Recently, Gu and Sun (2014) suggested some 

methodological artifacts that may be responsible for the dependence of gm on 

light intensity. Théroux-Rancourt et al. (2017) re-evaluated the response of gm to 

light intensity considering a light gradient within a leaf. Altogether, the responses 

of gm to short-term light intensity changes require some re-evaluation. Some 

reports have also reported differences in gm in response to different light qualities 

(Tholen et al. 2008, Loreto et al. 2009). 

However, the responses of gm to some environmental factors may have 

important problems in terms or artifacts or calculation (e.g. not accounting for the 

relative position of mitochondria and chloroplasts in the situations where 

photorespiration might be specially relevant, the existence of light gradients 
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inside the mesophyll, etc.; Tholen and Zhu 2011, Gu and Sun 2014, Théroux-

Rancourt et al. 2017, Ubierna et al. 2019). 

The main limitation to determine if the estimated short-term gm variations 

are real, and therefore they reflect a physiological process or, on the contrary, 

they are partially or totally apparent or artefactual, is that the mechanistic basis 

that would explain this modulation is unknown. As stated before, several 

anatomical and biochemical determinants of gm have been identified. Despite 

there are no direct evidences linking the immediate variations in gm with the 

adjustment of anatomical and/or biochemical determinants, several possibilities 

have been suggested. 

Regarding to the anatomical traits, most of them are thought to be constant 

and anatomically determined (Nobel 1999, Evans et al. 2009, Terashima et al. 

2011). However, a potential role of the two main anatomical determinants of gm, 

Sc/S and Tcw has been suggested. Tholen et al. (2008) found that short-term 

variations of gm in response to changes in the light quality were correlated with 

changes in the chloroplast arrangement. As a result of chloroplast movements, 

Sc/S and therefore the diffusion pathway were modified. Although scarce 

changes has been observed in other studies in response to chloroplast 

movement (Gorton et al. 2003, Loreto et al. 2009), some authors have 

hypothesized that a potential change in Sc/S could also explain the short-term 

responses of gm to light intensity, also provoked by chloroplast movements (Ho 

et al. 2016, Théroux-Rancourt et al. 2017), as well as the decrease of gm at high 

temperatures, provoked by chloroplast movements and/or cell shrinkages (von 

Caemmerer and Evans 2015, Flexas and Díaz-Espejo 2015). Regarding to cell 

walls, although their structure or thickness are unlikely to change in the immediate 

term (Scafaro et al. 2011), changes in the nature of the chemical interactions 

between cell wall components and CO2 molecules due to variations in the 

environmental conditions surrounding the leaves have been suggested (Flexas 

and Díaz-Espejo 2015). 

Biochemically, the potential role of aquaporins and carbonic anhydrase, 

which would allow the dynamic control of gm in response to the environment at 

the short-term, has been hypothesized (Terashima and Ono 2002; Hanba et al. 
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2004; Flexas et al. 2006, Tholen and Zhu 2011, Perez-Martin et al. 2014, Ho et 

al. 2016). Specifically in the case of temperature, the species-specific response 

of gm has been suggested to be at least partially explained by the membrane 

activation energy, which would control the conductance of the cell membranes to 

CO2 diffusion (von Caemmerer and Evans 2015). Finally, ABA-mediated 

processes have also been proposed to at least partially explain these gm 

responses (Qiu et al. 2017). 

In summary, there is now wide evidence for the rapid (i.e. seconds to 

minutes) gm variation in response to short-term changes in environmental factors. 

However, due to (1) the existence of studies, although few, reporting no 

immediate gm variation; (2) the growing number of plausible mathematical 

artefacts and over-simplifications of the models used to estimate gm short-term 

responses; and (3), the fact that the implication of anatomical and biochemical 

traits in the regulation of such changes has not been empirically demonstrated; 

the evidences of the rapid gm variation cannot be considered sufficiently 

convincing yet. 

 

II. Acclimation responses of mesophyll conductance and anatomy 

The capacity of species to cope with the mid-term variation (i.e. from days 

to years) of environmental factors is one of the key determinants of their growth 

form, distribution and range limits. Species are adapted to the specific 

environmental conditions of origin, but also exhibit the capacity to adjust to 

temporal variations in their environment —a process known as acclimatization or 

acclimation (Adams and Terashima 2018). This acclimation capacity determines 

the physiological performance of the species to the new growth conditions. 

Therefore, the photosynthetic capacity will be adjusted by the modulation of its 

three limiting factors: stomatal conductance, mesophyll conductance and the 

biochemical capacity. Having an exhaustive knowledge about the mechanisms 

that determine these stomatal, mesophyll and biochemical responses is 

especially important in order to be able to fate of plants in a changing climate 

(Kumarathunge et al. 2019). In this section a relation of the current knowledge 

about the acclimation responses of gm to several abiotic environmental factors is 
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presented. Special attention is payed to the gm responses to the environmental 

variables which vary substantially during the life of all terrestrial plants, regardless 

of their habitat or life form, i.e. the temperature (which changes over a broad 

range both over the diurnal and the seasonal courses) and light intensity (which 

changes strongly specially along the diurnal course), and to the internal factors 

of leaf development and ageing, which are also inherent to any plant species. 

a. Effects of temperature acclimation on mesophyll conductance 

Photosynthesis is one of the most sensitive plant processes to 

temperature variations (Berry and Björkman 1980, Quinn and Williams 1985. 

Yamori et al. 2014). The typical response of AN to temperature can be generally 

described by a optimality curve, with low AN at both cool and high temperatures, 

and a maximum rate at optimal intermediate temperatures (Berry and Björkman 

1980, Fitter and Hay 2002). Hence, acclimation to new temperature conditions 

does not necessarily imply similar or higher AN (Way and Yamori 2014). The 

shape of this acclimation response curve differs among species with different 

photosynthetic pathway (C3, C4 and CAM) and is determined by respiratory, 

biochemical and diffusive processes (Sage and Kubien 2007, Yamori et al. 2014). 

Respiration exponentially increases with temperature, varying the response of 

this process to temperature acclimation depending on the species thermal origin 

and even within species depending on growth and measurement temperatures 

(Atkin et al. 2005, Wright et al. 2006). With respect to biochemistry, temperature 

increases tend stimulate photorespiration by decreasing the specificity of Rubisco 

for carboxylation over oxygenation (Ogren 1984, Brooks and Farquhar 1985) and 

to damage the photosynthetic apparatus (e.g. affecting the photosystem II and 

inactivating Rubisco; Weis 1981, Kobza and Edwards 1987), reducing therefore 

the photosynthetic efficiency. CO2 diffusive processes (i.e. stomatal control and 

CO2 diffusivity and solubilization and membrane permeability) are also 

temperature-dependent (Sage and Kubien 2007). Thus, at warmer temperatures 

the sensitivity of AN to gs generally increases, so stomatal limitations to 

photosynthesis tend to be higher with increasing growth temperature, regardless 

of the stomatal response (Hendrickson et al. 2004, Sage and Kubien 2007). In 

comparison to gs, gm has been traditionally considered a minor determinant of the 

AN responses to temperature acclimation. 
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Figure 2. Response of mesophyll conductance to CO2 (gm) to the temperature 

acclimatization. Relative gm change in each species/condition/study is represented with vectors, 

being the gm value at the lowest temperature considered as the reference value. Data compiled 

from Yamori et al. (2006), Bunce (2008), Silim (2010), Fares et al. (2011), Crous et al. (2013), 

Lewis et al. (2015), Xue et al. (2016), Cai et al. (2018) and Sáez et al. (2018a). From Nadal, 

Carriquí and Flexas (submitted). 

However, there is now sufficient evidence that mesophyll conductance 

varies in response to the acclimation to a new growth temperature. Nonetheless, 

the studies evaluating this process are few, very recent and the results between 

studies appear to be contradictory (Fig. 2). The first reports are from 2006, when 

Yamori et al. (2006) observed that in spinach plants grown at 15ºC showed a 

decreased gm compared with plants grown at 30ºC when both measured at 25-

35ºC, but differences disappeared when both plants where measured at 10-20ºC. 

Thus, Yamori et al. (2006) advertised of the potential key role of gm in limiting 

photosynthesis at warmer temperatures in plants acclimated to cold 

temperatures. From then on, several studies reported either 50 to 100% 

increases, no response or even 25 to 50% decreases of gm when acclimated to 

warmer temperatures (Bunce 2008, Silim 2010, Fares et al. 2011, Crous et al. 

2013, Lewis et al. 2015, Xue et al. 2016, Cait et al. 2018, Sáez et al. 2018a; Fig. 

2). The most dramatic response in gm acclimation to temperature has been 

reported in Flexas et al. (2008), where Brassica oleracea plants grown at 5ºC had 

a 300% lower gm than plants grown at 20ºC. Differences in the gm response have 

been found even within the same genus. Thereby, both AN and gm strongly 
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decreased in Populus x americana plants acclimated at 35ºC compared to plants 

acclimated at 25ºC (Fares et al. 2011), in accordance with Yamori et al. (2006) 

findings, but gm limitations were higher in Populus balsamifera plants grown at 

15ºC in comparison to plants grown at 25ºC (Silim et al. 2010). 

The mechanistic basis of gm response to temperature acclimation has 

been scarcely determined. There are only three published reports which 

unfortunately are precisely dedicated to species that inhabit very particular and 

extreme environments, and are therefore not sufficiently representative of the C3 

plants. Two of these studies were performed in the only two vascular species that 

inhabit maritime Antarctica, first under field conditions and mild temperature 

acclimation treatments (i.e. + 2 ºC; Sáez et al. 2018a), and then under laboratory 

conditions and moderate acclimation treatments (i.e. + 12 ºC; Sáez et al. 2018b). 

Both studies demonstrated that the mesophyll anatomical traits helped to explain 

the non-significant gm response of Deschampsia antarctica and the gm increase 

in Colobanthus quitensis —mainly mediated by adjustments of the chloroplast 

arrangement and Sm/S— in response to plant acclimation to warmer 

temperatures. The other study is dedicated to the thermophilic tree Ziziphus 

spina-christi (Zait et al. 2018), where the reported hyperbolical gm decrease with 

decreasing acclimation temperatures was partially explained by decreased LMA 

and Tleaf but increased fias. However, the evidence reported for these three 

species adapted to extreme environments do not allow to explaining the high 

diversity of gm responses to the acclimation to this environmental variable found 

in temperate species. Therefore, no general pattern can be extracted, raising the 

need of further studies on the gm and its regulating traits acclimation response to 

temperature in different species. 

 

b. Effects of light intensity acclimation on mesophyll 

conductance 

Light availability for plants varies in time and space (Björkman 1981), being 

the gradient along the canopy up to > 50-fold in closed and as large as 10 to 20-

fold in open canopies (Hirose et al. 1988, Joffre et al. 2007, Koike et al. 2001, 

Rambal 2001, Valladares et al. 2003, Niinemets and Anten 2009, Niinemets et 
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al. 2015). Leaf acclimation to light intensity is associated to countless responses 

associated to the photosynthetic process. These responses range from the 

subcellular and cellular levels (e.g. determining the characteristics of the light-

harvesting complexes), the leaf level (e.g. leaf structure) to the whole-plant level 

(e.g. biomass allocation), including what is known as leaf plasticity (Valladares et 

al. 2007, Nicotra et al. 2010, Poorter et al. 2019). As recently confirmed in a meta-

analysis of the plant responses to light intensity for 70 traits (Poorter et al. 2019), 

changes in the leaf due to light acclimation have major implications for gm and 

the overall leaf photosynthetic performance (Terashima et al. 2011). Higher light 

intensity during growth ensures a deeper light penetration within the leaf, allowing 

plants to possess a higher area-based photosynthetic capacity and gm by 

developing thicker and denser leaves (i.e. with higher LMA) with high light 

(Poorter et al. 2019). Across species, leaves grown at higher light conditions 

generally achieve greater thickness through an increase in mesophyll palisade 

cell layers and the enlargement of mesophyll cells (Terashima et al. 2001, 

Ivanova et al. 2006, Tosens et al. 2012a), which in turn results in a higher 

mesophyll surface area exposed to intercellular airspace per leaf area (Sm/S) and 

Sc/S (Hanba et al. 2002, Oguchi et al. 2005, Tosens et al. 2012, Morales et al. 

2014, Fini et al. 2016, Ellsworth et al. 2018). Cell wall thickness, a key trait 

determining mesophyll CO2 diffusion resistance (i.e. the inverse of gm) also might 

play a role in the leaf light acclimation. However, the relationship of Tcw with light 

growth conditions is not that clear, since it has been reported to increase (Fini et 

al. 2016), remain constant (Hanba et al. 2002, Tosens et al. 2012, Fini et al. 2016, 

Ellsworth et al. 2018) or decrease with increasing growth light conditions (Hanba 

et al. 2002). Changes are generally strongest in low light, and minimum at high 

light (Poorter et al. 2019). However, the effect of growth light intensity on leaf 

structure and both AN and gm depend on the species adaptation to light-demand 

(Hanba et al. 2002). Thus, light-demanding species present higher plasticity than 

shade-tolerant species (Valladares et al. 2000, Portsmuth and Niinemets 2007, 

Chmura et al. 2017), the former presenting higher gm values when measured 

under saturating light conditions. However, little is known about the relationship 

between leaf anatomy and gm in species other than few trees, and specially on 

how this relationship changes when leaves mature and/or age (Niinemets et al. 

2012, Tosens et al. 2012a, Poorter et al. 2019). 
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In the particular case of acclimation to light, the other limiting traits of 

photosynthesis might be considered to play a rather secondary role with respect 

to gm and leaf anatomy. Both gs and stomatal density increase with the daily light 

integral, but tend to stabilize with high light and their increases are not large 

enough to keep up with the photosynthetic increased demand for CO2 (Poorter 

et al. 2019). Regarding biochemistry, a strong increase —similar or a bit higher 

than in Sm/S— in the amount of Rubisco and Vcmax per unit of leaf area can be 

found with increasing light intensity. Finally, little is known about the respiration 

effect on AN under light-saturated conditions, although it is estimated to comprise 

from 30 to 70% of gross carbon gain at the whole-plant level (Raich et al. 2014). 

 

c. Effects of leaf development and ageing on mesophyll 

conductance 

Leaf development and ageing comprise an important fraction of the leaf 

lifespan. During these two leaf ontogenic stages a myriad of changes in the 

physiological and structural characteristics determining AN occur in the leaves.  

During the leaf development the formation of the internal leaf structure, the 

expansion of leaf surface area and the rapid growth in the chloroplast number 

concur with the synthesis of chlorophyll, pigment-binding complexes and 

photosynthetic enzymes. Thus, AN, but also gm, steeply increase until reaching 

their peak value in fully expanded leaves (Miyazawa and Terashima 2001, 

Miyazawa et al. 2003, Eichelmann et al. 2004, Parida et al. 2004, Flexas et al. 

2007a, Marchi et al. 2008, Tosens et al. 2012). The rate of development of the 

photosynthetic processes widely differ between plant species and can be affected 

by environmental factors, typically ranging from 10 to 80 days the required time 

from leaf unfolding to full leaf development (Nitta and Ohsawa 1997, Miyazawa 

et al. 1998, 2003, Miyazawa and Terashima 2001, Wright et al. 2004, Niinemets 

et al. 2012). Despite the diverse processes that occur during leaf development, 

there are evidences linking the modifications in the leaf architecture with the 

increases on gm during leaf growth. These comprise a gradual increase of fias and 

in Sm/S and Sc/S, but also of LMA and Tleaf, which align with the low CO2 diffusion 
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resistance exerted by the thin walls of young cells (Miyazawa and Terashima 

2001, Miyazawa et al. 2003, Tosens et al. 2012a). 

Once fully expanded leaves achieve maximum gm, this photosynthetic trait 

tends to decrease with leaf age (Loreto et al. 1994, Niinemets et al. 2012). 

Anatomically, observations from Miyazawa and Terashima (2001), Miyazawa et 

al. 2003 and Tosens et al. (2012) pointing towards steep decreases in gm are 

potentially mainly associated to the accumulation of cell wall material which result 

in thicker cell walls. Moreover, Niinemets et al. (2012) suggested a possible 

reduction of cell-wall effective porosity with leaf ageing. However, the number of 

studies investigating how the leaf internal architecture modulates gm during leaf 

development and ageing is still scarce. Moreover, most studies have been 

performed in evergreen and deciduous woody species, therefore, how the fast 

modifications of anatomical traits modulate gm in short-lived leaves is unknown. 

 

d. Effects of acclimation to other abiotic environmental variables 

on mesophyll conductance: CO2, drought stress, ozone, 

salinity and nutrients 

The acclimation to temperature and light, as well as the leaf development 

and ageing effects on mesophyll conductance and its regulating traits have been 

the most studied factors. Here, a concise relation is presented about the impacts 

on gm of the acclimation to other distinct abiotic environmental factors for which 

there is sufficient evidence is provided below. 

Numerous studies dedicated to the C3 plants acclimation to increased 

[CO2] (i.e. grown between 500 and 700 ppm of CO2) have reported significant AN 

increases —ranging from 5 to 50% depending on the functional type— as well as 

reported significant changes on the stomatal and biochemical characteristics 

related to AN (Saxe et al. 1998, Long et al. 2004, Ainsworth and Rogers 2007). 

However, gm has been ignored in most studies intending to investigate the basis 

of the response of AN to elevated [CO2] acclimation.  

From up to 20 studies dedicated to 18 species —mainly herbaceous 

crops— in which the response of gm has been investigated a species-dependent 
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response has been found, reporting either a trend towards decreased gm (up to 

75%) or no significant gm variation under high [CO2] (Singsaas et al. 2004, 

Bernacchi et al. 2005, Possell and Hewitt 2009, Velikova et al. 2009, Zhu et al. 

2012, Crous et al. 2013, Singh et al. 2013, Chen et al. 2014, Aranjuelo et al. 2015, 

Kitao et al. 2015, Lewis et al. 2015, DaMatta et al. 2016, Singh and Reddy 2016, 

2018, Xu et al. 2016, Ruiz-Vera et al. 2017, Cai et al. 2018, Mizokami et al. 2018, 

Zait et al. 2018). Only in the case of sun-adapted leaves of a single species, the 

tree Liquidambar styraciflua, a significant positive response of gm has been 

reported (Singsaas et al. 2003). Nevertheless, the recent work of Mizokami et al. 

(2018) suggests that, as in some species the gm decrease is of the same order 

at both mid- and short-term, gm might not acclimate to elevated [CO2]. 

The evidence for anatomical adjustments driving the gm acclimation to 

elevated [CO2] is still scarce and not conclusive. Among the different main 

potential anatomical properties that might be driving this species-specific gm 

response, Tcw and chloroplast dimensions —their increase— could be playing a 

key role (Robertson and Leech 1995, Uprety et al. 2001, Oksanen et al. 2005, 

Teng et al. 2006, Zhu et al. 2012). Although some studies have pointed to Sc/S 

alterations, evidence show that this trait remains unaffected or is incremented, 

not explaining neither one nor the other possibility the general gm downregulation 

(Kitao et al. 2015, Mizokami et al. 2018). 

Regarding acclimation to water stress, several studies have reported a 

concomitant gs and gm decrease (Grassi and Magnani 2005, Díaz-Espejo et al. 

2007, Galmés et al. 2007, Flexas et al. 2009, Galle et al. 2009, Tosens et al. 

2012a, Cano et al. 2013). The ratio gm/gs is positively related to water use 

efficiency (Flexas et al. 2013) and a key to simultaneously improve 

photosynthesis and water use efficiency in drought-prone agriculture (Flexas et 

al. 2015), for which understanding the mechanisms for concomitant drought-

regulation of gs and gm would be crucial, but they are still largely unknown. The 

potential anatomical adjustments potentially explaining the lower gm under water 

stress seems to be species-dependent and vary depending on the intensity of the 

drought stress treatment (Galle et al. 2011). Some generalized anatomical 

responses to water stress include a reduction in chloroplast size and in fias and 

an increase in Tcw (Niinemets et al. 2009, Poorter et al. 2009, Li et al. 2012, 
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Galmés et al. 2013). However, in Tomás et al. (2014) anatomy did not explain 

the gm decrease reported in Vitis vinifera cultivars acclimated to water stress once 

leaves were already fully-expanded. In this sense, Miyazawa et al. (2008) 

suggested that drought-induced gm reductions could be mainly associated to an 

aquaporin deactivation.  

Tropospheric ozone (O3) is a phototoxic air pollutant causing physiological 

oxidative stress and reductions of plant growth (Ainsworth et al. 2012, Feng et al. 

2015, McGrath et al. 2015, Li et al. 2017). However, no clear consensus has been 

achieved on whether observed AN downregulation due to elevated [O3] 

acclimation is primarily related to gs, gm or to the biochemical capacity (Calatayud 

et al. 2007, Feng et al. 2016, Gao et al. 2016). The few available studies focusing 

on the gm response to high [O3] acclimation have reported a downregulation of 

this photosynthetic trait in all studied species except in Fagus sylvatica, where gm 

remained constant (Eichelmann et al 2004, Velikova et al 2005, Flowers et al 

2007, Warren et al 2007, Watanabe et al 2018, Xu et al 2019). While no report is 

available on the anatomical adjustments explaining this decrease, studies on leaf 

anatomy alone suggest that increased [O3] alters Tcw and chloroplast size and 

arrangement (Paoletti et al. 2009, Gao et al. 2016), i.e. some key anatomical 

traits in setting gm. 

Finally, leaf nutrient content strongly determines leaf photosynthesis 

(Wright et al. 2004), and there are some recent works evidencing a great 

response of gm to nutrient content, especially nitrogen and potassium. Thus, 

nitrogen content, apart from improving the photosynthetic performance by 

determining the protein and chlorophyll content, also influences mesophyll 

conductance, probably mainly affecting the regulation of chloroplast number 

and/or size, therefore modifying Sc/S (Onoda et al. 2017). Regarding to 

potassium, its deficiency negatively affects both AN and gm, and several 

mechanistic bases have been recently identified to explain the increase in 

mesophyll resistance, including reduced fias and Sc/S, and increased Tcyt (Battie-

Laclau et al. 2014, Lu et al. 2016, 2019, Singh and Reddy 2018). 

The reported results on gm acclimation summarized in this section provide 

large evidence for the variability in the response of this key photosynthetic trait to 
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the mid-term (from days to years) variation of several abiotic environmental 

factors. However, in many cases the gm response to specific variables appears 

to be species-specific. Therefore, more studies are needed to extend the 

knowledge on the variation of gm and its anatomical and biochemical adjustments 

due to plant acclimation to the different plant functional types. Moreover, studies 

focusing on the combined acclimation effect of two or more variables and/or along 

leaf development and ageing in gm are also specially needed. 

 

III. Adaptation aspects of mesophyll conductance 

The acquisition of plant independence from water and subsequent 

colonization of terrestrial ecosystems supposed a great transformation of the 

Earth. With terrestrialization, plants experienced the challenge of capturing CO2 

while losing to much water. Early land plants were restricted to grow close to the 

soil, where high humidity allowed to photosynthesize with minimal desiccation 

(Kenrick and Crane 1997, Renzaglia et al. 1997). Major increases in the 

photosynthetic capacity were associated with the apparition of features allowing 

to maintain hydrated and functional the photosynthetic tissues in the dry 

atmosphere. Mainly, these features are thought to be related to the development 

of water conducting tissues and the regulation of the water use efficiency through 

the appearance of cuticles, stomata —and subsequent gradual increase of the 

morphological complexity of the stomata apparatus and more efficient regulation 

of stomatal conductance— and the development of leaves (i.e. the appearance 

of mesophyll) (Raven 1997, Franks and Farquhar 2007, Brodribb et al. 2009, 

Brodribb and McAdam 2011, Flexas and Keeley 2012, Ducket and Pressel 2018). 

Moreover, this decisive evolution of photosynthesis for plant colonization of 

terrestrial ecosystems also implied a myriad of adaptations to the strongly 

different atmospheric conditions under which the different terrestrial plant groups 

appeared, remarkably under an atmosphere with much larger CO2 

concentrations (Niklas et al. 1983, Berner 2006). Thus, different mechanisms of 

CO2 internal diffusion and fixation resulted from the different selection pressures  

under which each plant group originated and evolved —atmospheric CO2 

concentration steeply declined during the Phanerozoic, so that, for example, 
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ferns emerged under 10-fold but angiosperms under two- to threefold higher 

[CO2] atmospheric concentrations than present (Haworth et al. 2011)— (e.g. the 

development of planate leaves coincided with periods of ‘low’ atmospheric [CO2]; 

Woodward 1998, Beerling et al. 2001, Franks and Beerling 2009). 

 

Figure 3. Photosynthetic evolutionary trend in land plants. The figure shows the concomitant 

changes in the maximum net photosynthesis (AN) with the progressive reduction of atmospheric 

[CO2] over Phanerozoic time (expressed in million years; myr) and the time at which each 

evolutionary group emerge. Blue line in the left panel indicates the estimated [CO2] over time. 

Data are compiled from Niklas et al. (1983), Berner (2006) and Flexas et al. (2012). 

As a result of this evolutionary adaptation, a clear increasing tendency 

emerges for the photosynthetic capacity (and, thus, potential growth rate) from 

early, non-vascular plants to the most modern plant lineage —i.e. angiosperms, 

the current dominant plant group, which accounts for 96% of the total diversity of 

vascular plants (Schuettpelz and Pryer 2009)—, with intermediate values in 

lycophytes, ferns and gymnosperms (Fig. 3; Flexas et al. 2012, Flexas and 

Keeley 2012). The underlying reasons of this increased photosynthetic capacity 

among land plants related to stomatal conductance are quite well established due 

to the substantial knowledge compiled for the evolution of stomata (Brodribb et 

al. 2009, Franks and Farquhar 2007, Brodribb and McAdam 2011). Instead, data 
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available for mesophyll conductance and Rubisco for the different land plant 

groups are still too scarce and spread to reach any strong conclusion, although 

some degree of co-evolution in photosynthetic functioning has been observed for 

stomatal and mesophyll conductance, as well as for Rubisco catalytic properties 

(Flexas et al. 2012, Flexas and Keeley 2012). 

 

Figure 4. Phylogenetic trend towards higher mesophyll conductance. Average ± SE values 

for gs and gm for the different plant groups from Meyer et al. (2008) and Niinemets et al. (2009). 

Capital letters indicate differences between means for gs and lower-case letters for gm (Tukey 

test, P < 0.05). Modified after Flexas et al. (2012). 

Mesophyll or internal conductance to CO2 studies have been traditionally 

mostly restricted to crops and model plants. However, the steeply increase in the 

number of species in which gm was being characterized allowed Flexas et al. 

(2012) to preliminary explore for phylogenetic or adaptive patterns within land 

plant groups, similarly to what has been in the case of the photosynthetic capacity 

phylogenetic trend. Based on an available dataset of gm values composed of only 

angiosperms, gymnosperms and a few liverworts (Meyer et al. 2008, Niinemets 

et al. 2009a), significant differences were found in the average gm between the 

taxonomic groups, with mean maximum values (i.e. in the absence of stress 

conditions) ranging from up to 0.63 mol CO2 m-2 s-1 in highly productive crops to 

values close to zero in liverworts (Fig. 4). Angiosperms presented the highest 
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mean gm estimated values (0.19 mol m-2 s-1), meanwhile reported values for 

conifers where intermediate significantly lower (0.11 mol m-2 s-1, averaging the 

values for the six species considered in Flexas et al. 2012), and lowest values 

were for liverworts, the unique non-vascular lineage for which estimates of the 

internal conductance to CO2 diffusion were available (around 0.02 mol m-2 s-1). 

Significant differences are found also between the different extant functional 

groups of angiosperms. Grasses and herbs have the highest estimated values of 

gm, which are followed by semi-deciduous and deciduous woody plants with an 

average gm close to 0.20 mol m-2 s-1. And finally, the lowest gm estimated values 

within angiosperms are for evergreen woody species. This allowed Flexas et al. 

(2012) to suggest, on the one side, the existence of a phylogenetic trend towards 

higher gm similar to the one reported for AN —although with a wide variation in the 

AN-gm relationship as, for instance, for a AN value of 10 mol CO2 m-2 s-1 gm can 

range from 0.6 to 0.31 mol CO2 m-2 s-1— and clearer than in the case of gs (Fig. 

4). On the other side, the high variability in maximum gm within functional groups 

inside angiosperms may reflect also the particular adaptation to different habitats 

or life forms. Common garden experiments have revealed the existence of an 

important variability within genus, for example in the cases of Solanum, ranging 

from 0.15 to 0.25 mol m-2 s-1, Limonium, ranging from 0.14 to 0.35 mol m-2 s-1, or 

Quercus, ranging from 0.03 to 0.09 mol m-2 s-1, or (Muir et al. 2014, Galmés et al. 

2017, Peguero-Pina et al. 2017, respectively), and even within a single species, 

as reported in Oryza sativa, ranging from 0.19 to 0.58 mol m-2 s-1, or Vitis vinifera, 

ranging from 0.14 to 0.22 mol m-2 s-1 (Xiong et al. 2017 and Tomás et al. 2014, 

respectively). However, due to the lack of estimated gm values on several land 

plant groups, mainly ferns, lycophytes and mosses, do not allow to extract 

precluding conclusions. 

As with gm, it is also unknown whether the main anatomical and 

biochemical determinants of this photosynthetic trait in angiosperms and 

gymnosperms also account for the internal conductance of the early land plant 

groups. In the case that they were, there are some anatomical evidences that 

would make expect gm to be significantly lower than that of the Spermatophytes. 

An obvious case would be in the case of mosses. As recently shown by Waite 

and Sack (2010), mosses, apart from low AN, present extremely thick cell walls 
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(an order of magnitude higher than the average Tcw of Spermatophytes). 

Moreover, photosynthetic organs in many moss species are unistratose (i.e. 

conformed by a single layer of cells), so the chloroplast surface area exposed to 

ambient per unit of area (Sc/S, the other main anatomical determinant of gm, 

together with Tcw, in Spermatophytes; Evans et al. 2009, Terashima et al. 2011) 

would be expected to be minimum. 

Summarizing, despite the steeply increasing number of species in which 

gm has been characterized, there is a major gap in the maximum gm or non-

stomatal diffusion conductance (gnsd) and its variability within the extant 

representatives of the major groups of early land plants. In consequence, the 

apparent general phylogenetic trend towards higher mesophyll conductance to 

CO2 cannot be demonstrated yet. Moreover, it is unknown whether the main 

anatomical determinants of gm reported for Spermatophytes are of equal or even 

greater importance for these more primitive groups. In this same sense, other 

potential determinants of gm (e.g. cell wall effective porosity, the arrangement of 

mitochondria in relation to chloroplasts or the plasma- and chloroplast-membrane 

conductivity) that have not yet been investigated in depth in any group of plants 

might have a key role in setting maximum gm in land plants have been reported 

(Popper et al. 2011) yet it is unknown how these could affect gm. This knowledge 

will help to understand the evolution of gm and the mechanisms involved it its 

regulation. 

  



 

36 
 

Objectives and outline
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Objectives 

The general objectives of the present work were: (1) to provide further insights 

on how the environment modulates the relationship between leaf anatomy and 

mesophyll conductance to CO2, and (2) to determine the main leaf anatomy traits 

influencing mesophyll conductance to CO2 across the land plant phylogeny. 

These general aims were divided into six specific objectives: 

1. To discern whether fast (seconds to minutes) mesophyll conductance 

responses to changes in light and CO2 concentration are caused by leaf 

anatomical changes. 

2. To describe how anatomical traits modulate the acclimation of mesophyll 

conductance to growing light and during leaf age. 

3. To determine the mesophyll conductance in ferns and fern allies and its 

determining anatomical traits. 

4. To determine the mesophyll conductance and the determining anatomical 

traits in a large number of bryophytes. 

5. To study the exceptional nature of Thuja plicata in relation to its anatomical 

characteristics. 

6. To analyze the effects of the cell wall chemical composition on the 

relationship mesophyll conductance—leaf anatomy. 
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Outline of the Thesis 

The Thesis is organized in a general Introduction followed by 5 chapters that 

constitute the body of the Thesis, and a General discussion linking the results 

of the different chapters and, finally a Conclusions section highlighting the main 

contributions of the research, followed by the general References used. Across 

the chapters, the anatomical mechanistic basis underlying the CO2 diffusion 

process in the mesophyll and its variation from the really short-term (i.e. seconds 

to minutes), the leaf acclimation to environmental variables and to the 

evolutionary adaptation level. 

 

Introduction 

This section provides a background of existing research and sets the context for 

the present Thesis. It establishes the state-of-the-art of knowledge on mesophyll 

(internal) CO2 diffusion conductance, target of study of the Thesis, including its 

importance for the photosynthetic process, methods to estimate it, the CO2 

diffusion pathway from the substomatal cavity to the carboxylation site, its main 

structural and biochemical determinants, and its short to long term responses to 

environmental factors. 

 

Chapter 1. Mechanistic basis of mesophyll conductance short-term 

variations 

This chapter investigates the leaf anatomical adjustments to rapid changes (i.e. 

seconds to minutes) in environmental conditions surrounding the leaf that could 

explain the mechanistic basis of the short-term response of mesophyll 

conductance. Potential short-term regulation of biochemical determinants of 

mesophyll conductance, as well as possible artifacts in mesophyll conductance 

estimation are also discussed. 

Specific objective 1 is addressed in this chapter. 
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Chapter 2. Anatomical adjustments determining mesophyll conductance 

acclimatization to light growth conditions 

This chapter describes the effects of light growth conditions and leaf age, as well 

as its combined effect, on photosynthetic capacity, mesophyll conductance of the 

model plant species Arabidopsis thaliana, exploring how the observed 

differences are related to key leaf anatomical traits.  

Specific objective 2 is addressed in this chapter. 

 

Chapter 3. Mesophyll conductance and its main anatomical determinants 

along land plant’s phylogeny 

This chapter provides the first extensive report of photosynthetic relative 

limitations and mesophyll conductance to CO2 diffusion values in the primitive 

land plant groups of liverworts, mosses, lycophytes and ferns. In the case of 

ferns, the results are compared with angiosperms grown under common garden 

conditions. Leaf structural and anatomical traits involved in setting total CO2 

diffusion resistance were also assessed. 

Specific objectives 3 and 4 are addressed in this chapter. 

 

Chapter 4. Chloroplast surface area-based strategies to optimize mesophyll 

conductance 

This chapter presents the photosynthetic and anatomical characteristics of Thuja 

plicata that convert this species into an outlier in comparisons with other species, 

including other gymnosperms. It also assesses the extent to which the particular 

anatomy of T. plicata optimizes its photosynthesis. The implications of presenting 

the extremely large chloroplast surface area exposed to intercellular air spaces 

per projected leaf area displayed by T. plicata on photosynthesis and mesophyll 

conductance in other species are also modelled. 

Specific objective 5 is addressed in this chapter. 
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Chapter 5. Cell wall properties impact on CO2 diffusion resistance 

This chapter focuses on how the cell wall celluloses, hemicelluloses and pectins 

affect the effective cell wall porosity and mesophyll conductance and 

photosynthesis in a survey of gymnosperm species. 

Specific objective 6 is addressed in this chapter.  

 

General discussion 

This section contains an overview of the contributions of the thesis, discusses its 

limitations and suggests some areas for further work. 

 

Conclusions 

This section presents a list of the main conclusions derived from the present 

thesis in relation to the general and specific proposed objectives. 
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Chapter 1. Mechanistic basis of mesophyll 

conductance short-term variations 
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Leaf anatomy does not explain apparent short-term 

responses of mesophyll 
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Supporting information 

 

Figure S1. gm under CO2 variation not filtered for the Harley’s criteria. 

 

 

Figure S2. Light response curves (upper panels) and CO2 response curves 
(lower panels, Ca = [CO2] surrounding the leaf) for net assimilation rate (A; left 
panels) and gm estimated by Harley’s method (right panels) of respectively 4 and 
5 random plants used in the experiment. 
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Figure S3. Sensitivity analysis of the gm estimates presented in this study. For 

ETR, Rd, *, A, Ci p1 and p2, we recalculated the gm using +10% or -10% 
variations for each parameter. For each simulation, a boxplot is shown with the 
original calculations (grey) and the recalculated data (black), this for each 
treatment. Different letters denote significant (at p<0.05) difference between 
treatments following a HSD Tukey Post-Hoc test applied on the recalculated gm. 

 

Figure S4. Comparison of gm calculations between Harley’s method (Harley et 
al., 1992) and Yin and Stuik (2009) method. “RH.A” and “NRH.A” correspond to 
the two different equations proposed by Yin and Struik (respectively Eq. 6 and 7 
from their study). Both of them consist in using chlorophyll fluorescence for ETR 
estimates, but gm is estimated based on Farquhar et al., (1982) equations, and 
replaced by Ci -A/gm. gm is then solved by matching measured and computed A 
(see M&M section).  

0.0

0.1

0.2

0.3

0.4

0.5

n= 8 n= 9 n= 7 n= 7 n= 7

ab c a bc ab

ETR +10%

n= 8 n= 9 n= 7 n= 7 n= 7

a a a a a

ETR -10%

n= 8 n= 9 n= 7 n= 7 n= 7

a b a ab ab

G* +10%

n= 8 n= 9 n= 7 n= 7 n= 7

ab c a bc ab

G* -10%

0.0

0.1

0.2

0.3

0.4

0.5

n= 8 n= 9 n= 7 n= 7 n= 7

ab c a bc ab

Rd +10%

g
m

(m
o

l 
m

-
2
 s

-
1
) n= 8 n= 9 n= 7 n= 7 n= 7

ab c a bc ab

Rd -10%

n= 8 n= 9 n= 7 n= 7 n= 7

ab c a bc ab

A  +10%

n= 8 n= 9 n= 7 n= 7 n= 7

ab c a bc ab

A  -10%

C
-1

0
0

C
-1

5
0

0

C
-4

0
0

L
-2

0
0

L
-6

0
0

0.0

0.1

0.2

0.3

0.4

0.5

n= 8 n= 9 n= 7 n= 7 n= 7

ab c a bc ab

Ci +10%

C
-1

0
0

C
-1

5
0

0

C
-4

0
0

L
-2

0
0

L
-6

0
0

n= 8 n= 9 n= 7 n= 7 n= 7

a b a ab ab

Ci -10%

C
-1

0
0

C
-1

5
0

0

C
-4

0
0

L
-2

0
0

L
-6

0
0

n= 8 n= 9 n= 7 n= 7 n= 7

a a a a a

p1=4.5 p2=10.5 

C
-1

0
0

C
-1

5
0

0

C
-4

0
0

L
-2

0
0

L
-6

0
0

n= 8 n= 9 n= 7 n= 7 n= 7

a b a ab a

p1=4 p2=9.33 

0.05 0.10 0.15

0.05

0.10

0.15

RH.A

NRH.A

g
m

 Y
in

 &
 S

tr
u

ik
 (

2
0

0
9

)

(m
o
l 
m

-
2
 s

-
1
)

gm Harley

(mol m
-2

 s
-1

)



 

61 
 

 

Figure S5. Representative semi-thin and ultra-thin cross-section photographs (first and second row, respectively) for each CO2 and 
light treatment. Treatment codes are the same as detailed in Table 1. Complete leaf cross-section can be observed in the semi-thin 
cross-section photographs, meanwhile chloroplasts and cell wall can be observed in ultra-thin cross-sections. 
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Figure S6. Bootstrap performed on the chloroplast length (black circles) and 
thickness (grey circles). The sample size of this study is 106-120, depending of 
the treatment. Here, we randomly sampled 2, 5, 10, 20, 40, 50, 70 or 100 within 
each treatment, and performed an ANOVA to check differences between 
treatments (and this, for each variable presented in the graph). This procedure 
was repeated 1000 times for each sample size. The percentage of significative 
treatment effect (p<0.05) among the 1000 ANOVAs is shown for each sample 
size. The grey discontinuous line represents the 100% of significative ANOVAs. 
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Figure S7. Sensitivity analysis of the effect of the fraction of CO2 from respiration 
and photorespiration from the mitochondria that would be recycled depending on 
the mitochondrial positioning in relation to the chloroplast membrane (Φ) in 
modelled gm following Xiao et al. (2017) in relation to gm estimated following 
Harley et al. (1992) for both light and CO2 treatments. Dashed lines represent 1:1 
relationship. 

 

Methods S1 – Calculation of variables used for unit conversion using the model 
of Xiao and Zhu (2017) 

Mesophyll surface area for one cell (Ames_ave) was calculated for palisade and 
spongy mesophyll cells, considering them as prolate and oblate spheroids, 
respectively. Surface areas where corrected by Thain (1983) and then a weighted 
average was calculated. Ames_ave for prolate spheroids was calculated as 
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where a is the equatorial radius of the spheroid, c is the distance from centre to 
pole along the symmetry axis and e is the eccentricity of the oval, calculated as 
e=(1-(a2/c2))1/2. 
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where e was calculated as e=(1-(c2/a2))1/2. Surface area of outer boundary of 
chloroplast cell for one cell (Ase_o) was calculated as for Ames_ave but subtracting 
cell wall and chloroplast thickness to a and c. In the case of surface area of inner 
boundary of chloroplast for one cell (Ase_i) chloroplast thickness was also 
subtracted to a and c. 

Volume of chloroplasts per leaf area (Vchlo) was calculated as 

𝑉𝑐ℎ𝑙𝑜 = 𝑆𝑐/𝑆 𝑇𝑐ℎ𝑙 

where Sc/S is the chloroplast surface area exposed to intercellular air spaces per 
unit of leaf area and Tchl is the chloroplast thickness. 
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Chapter 2. Anatomical adjustments determining 

mesophyll conductance acclimatization to light 

growth conditions 
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Abstract 

Maximum mesophyll conductance (gm) appears to be driven by foliage leaf 

anatomy, which has been found to be determined by several environmental and 

leaf ontogenic factors. If applicable in Arabidopsis thaliana, the most broadly used 

model species in plant physiology investigations, it would at least partially explain 

the important variability in the photosynthetic capacity and its related features 

within control treatments -without a unified criterion of how to grow them- for the 

same genotypes between studies. To test this, we studied the variation in the 

anatomical and photosynthetic characteristics in A. thaliana Col-0 plants 

acclimated at three contrasting light intensities in leaves of two different ages. 

Leaf acclimation to increasing growth light conditions was mainly associated with 

increases in leaf dry mass per unit area, thickness, number of palisade cell layers, 

mesophyll and chloroplast surface area exposed to intercellular airspace per leaf 

area (Sm/S and Sc/S, respectively). However, although photosynthesis and gm 

accordingly increased from low to moderate growth light conditions, they did not 

change from moderate to high light, leading to a mismatch between measured 

and modelled gm. Leaf ageing was associated with increases in cell wall thickness 

in all light treatments and in increases in leaf thickness in low and moderate light 

treatments. However, gm did not appear to be affected by our leaf age treatments, 

and photosynthesis only decreased with leaf age in moderate and high light 

treatments, suggesting a compensatory effect decreasing chloroplast thickness 

and/or other anatomical traits and changes in biochemical traits such as cell wall 

porosity. These results emphasize the need of a standardised protocol for A. 

thaliana’s growth and measurement conditions in order to avoid anatomical 

adjustments leading to differences in their gm and photosynthetic performance. 

 

Keywords 

Arabidopsis thaliana, leaf age, light growth intensity, photosynthesis, mesophyll 

conductance, leaf anatomy 
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Introduction 

Arabidopsis thaliana is the standard model species for studies on plant 

biology. From the very first works on the variation in physiological traits among 

its accessions (Laibach 1943), the number of physiological, biochemical, 

molecular biology and genetic studies on Arabidopsis has grown exponentially, 

standing alone as the most exhaustively studied species (Koornneef and Meinke 

2010). However, as Lake (2004) first pointed out, an important variation in the 

photosynthetic performance -one of the most widely used approaches to evaluate 

the plant physiological status-, even between measurements performed on single 

leaves instead of the whole plant, has been reported among reference genotypes 

used as control treatments. For instance, in the commonly used Col-0 genotype 

net photosynthesis (AN) has been reported to vary under ‘control’ conditions from 

at least 4 to 24 mol m-2 s-1 (e.g. Bunce 2008, Weraduwage et al. 2016). The 

same applies for the photosynthetic-related traits stomatal conductance to CO2 

(gs), mesophyll conductance (gm) and maximum velocity of carboxylation (Vc,max), 

with reported variations ranging at least 0.09 to 0.42 mol m-2 s-1, from 0.05 to 0.65 

mol m-2 s-1, and from 25 to 190 mol m-2 s-1, respectively (Bunce 2008, Jin et al. 

2011, Sade et al. 2014, Xiong et al. 2017, Mizokami et al. 2018). Consequently, 

the opportunities for cross-study comparisons are greatly reduced. 

Lake (2004) suggested differences in the gas exchange procedures and 

equipment, potential genetic drift and growth conditions, as the main causes of 

such variation. In the case of gm, although part of the variation observed may be 

caused by the method used (e.g. the values estimated with the isotopic method 

are generally higher than those estimated with the variable J method; Pons et al. 

2009, Mizokami et al. 2016), since the publication of the ‘ice-cream cone-like’ 

trick by Flexas et al. (2007a) most researchers perform single-leaf measurements 

with commercial gas exchange cuvettes, but the enormous variation in 

photosynthetic capacity and related traits between studies remains. 

Environmental conditions during both growth and measurements have never 

been unified, so that each laboratory is actually acclimating its Arabidopsis plants 

to different environmental conditions.  
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Among the environmental variables that could be responsible for the 

aforementioned variability, light growth conditions stand out: ‘standard’ light 

growth conditions for Arabidopsis vary from 75 to up to 900 mol m-2 s-1 (e.g. Tian 

et al. 2015 and Bunce 2008, respectively), although in most studies Arabidopsis 

are grown between 100 and 400 mol m-2 s-1 (e.g. Teng et al. 2006, Watanabe 

et al. 2014, Weise et al. 2015, Weraduwage et al. 2016, Xiong et al. 2017, Boyd 

et al. 2019). There are countless long-term responses of plants to light growth 

conditions -the set of which defines the plant plasticity-, which occur from the 

subcellular and cellular levels (e.g. determining the characteristics of the light-

harvesting complexes), the leaf level (e.g. leaf structure) or the whole-plant level 

(e.g. biomass allocation; Valladares et al. 2007, Nicotra et al. 2010, Poorter et al. 

2019). Leaf structure is specially important for the light acclimation of the leaf. 

Higher light intensity during growth conditions ensures a deeper light penetration 

within the leaf, allowing plants to possess a higher area-based photosynthetic 

capacity and gm by developing thicker and denser leaves with high light (Poorter 

et al. 2019). Across species, leaves grown at higher light conditions generally 

achieve greater thickness through an increase in mesophyll palisade cell layers 

and the enlargement of mesophyll cells (Terashima et al. 2001, Ivanova et al. 

2006, Tosens et al. 2012), which in turn results in a higher mesophyll surface 

area exposed to intercellular airspace per leaf area (Sm/S) and Sc/S (Hanba et al. 

2002, Oguchi et al. 2005, Tosens et al. 2012, Morales et al. 2014, Fini et al. 2016, 

Ellsworth et al. 2018). Cell wall thickness, a key trait determining mesophyll CO2 

diffusion resistance (i.e. the inverse of gm) also might play a role in the leaf light 

acclimation. However, the relationship of Tcw with light growth conditions is not 

that clear, since it has been reported to increase (Fini et al. 2016), remain 

constant (Hanba et al. 2002, Tosens et al. 2012, Fini et al. 2016, Ellsworth et al. 

2018) or decrease with increasing growth light conditions (Hanba et al. 2002). 

Changes are generally strongest in low light, and minimum at high light (Poorter 

et al. 2019). However, the effect of growth light intensity on leaf structure and 

both AN and gm depend on the species adaptation to light-demand (Hanba et al. 

2002). Thus, light-demanding species present higher plasticity than shade-

tolerant species (Valladares et al. 2000, Portsmuth and Niinemets 2007, Chmura 

et al. 2017). As a light-demanding species (Poorter et al. 2019), Arabidopsis leaf 

anatomical plasticity in response to light growth conditions is expected to be high. 
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However, despite the large variability in the key anatomical traits determining gm, 

and therefore AN, observed in Arabidopsis between studies (Teng et al. 2006, 

Tholen et al. 2008, Jin et al. 2011, Weraduwage et al. 2016, Xiong et al. 2017, 

Mizokami et al. 2018), no study has directly addressed its relationship with light 

growth conditions. The implication of other environmental variables on the 

anatomical determinants of gm in Arabidopsis seems to be, although the 

fundamentals are not completely clear, less important. For example, no (Bunce 

2008, Walker et al. 2013, von Caemmerer and Evans 2015) or minor (Jin et al. 

2011) differences in AN and gm were reported in Arabidopsis plants acclimated to 

different temperatures. Regarding to CO2 growth conditions, only small 

differences in gm and no differences in key anatomical traits but Tcw have been 

reported (Teng et al. 2006, Mizokami et al. 2018). 

Anatomical adjustments associated with leaf ageing might be another 

important source of variation of the photosynthetic performance reported in 

Arabidopsis. Flexas et al. (2007a) reported that Arabidopsis fully expanded 

leaves achieve and keep maximum photosynthetic capacity between 28 and 34 

days after germination, moment from which leaf senescence started and both net 

photosynthesis and gm importantly decreased with leaf ageing. However, most 

studies still consider plant instead of leaf age when evaluating the leaf 

physiological status of this species. Although the several processes that occur 

during leaf development and ageing (see Niinemets et al. 2012 for a review), 

there are several studies providing correlative evidence of the impact of leaf 

architecture modifications on gm. Particularly, modifications in fias and Sc/S during 

leaf development and cell-wall thickening during leaf ageing appear to be the 

main causes of the variation of gm. However, the effect of those anatomical 

adjustments during leaf ageing on gm has been studied only in few species -most 

of them woody species-(Hanba et al. 2001, Miyazawa and Terashima 2001, 

Marchi et al. 2008, Tosens et al. 2012), and the speed of foliar development and 

ageing can be affected by many environmental factors (Niinemets et al. 2012), 

so not firm conclusions can be drawn yet. Due to its especially short life cycle and 

leaf longevity (Meinke et al. 1998) it would be expected that in Arabidopsis 

anatomical adjustments occur fast, making then crucial to define the time interval 
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in which measurements of photosynthesis and related characteristics should be 

performed. However, no study has investigated this in depth yet.  

The aim of this study is to contribute to a better knowledge of the combined 

light acclimation and leaf age effects on the leaf anatomical traits determining gm 

and photosynthesis in Arabidopsis. In relation to leaf age, this study specially 

aims to investigate the potential anatomical subjacent changes during the time 

range in which the leaf has its maximum gm. Thus, the importance of 

standardizing these two variables to allow cross comparison between studies 

dedicated to Arabidopsis will be further highlighted. This is explored by analysing 

the foliage anatomy, net photosynthesis, mesophyll conductance, and diffusion 

limitations of photosynthesis in leaves of A. thaliana Col-0 plants grown at three 

contrasting light intensities in leaves of two different leaf ages. Moreover, we 

quantified the relative contribution of the various anatomical components involved 

in the mesophyll CO2 diffusion. We hypothesized that acclimating to increased 

light growth conditions will lead to increases on both gm and photosynthesis, 

which will be mainly determined by increases in leaf thickness and Sc/S, while 

increasing leaf age will have a negative effect on both gm and photosynthesis 

mainly due to increases in cell wall thickness. 

 

Materials and methods 

Growth conditions and leaf age determination 

Arabidopsis thaliana L. (Heyhn) ecotype Col 0 seeds were sown in pre-

wetted pots filled with substrate containing peat, perlite and vermiculite (2:1:1 v/v) 

forming an ‘ice-cream cone-like’ shape to facilitate later gas-exchange 

measurements, as suggested by Flexas et al. (2007a). Pots were placed in plastic 

trays with 4 cm of deionized water and kept in dark conditions for 48 h at 4 ºC to 

stratify the culture. Then, trays with pots were placed in a growth chamber with 

controlled environmental conditions: 23:20 ºC day:night temperature, 69.8 ± 0.8 

%  relative humidity and 12:12 h photoperiod. Light was provided by LED panels 

adjusted to provide three light intensity treatments, 76 ± 4 μmol m-2 s-1, 242 ± 10 

μmol m-2 s-1 and 490 ± 15 μmol m-2 s-1 at pot level, which corresponded to low-
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light (LL), moderate-light (NL) and high-light (HL) treatments, respectively. To 

ensure that light growth conditions were uniform among plants of the same light 

treatment, the position between pots under the LED panels was changed every 

two days. One week after stratification, the most uniform plants were selected 

and the rest removed, remaining one plant per pot. At day 10, deionized water 

was removed from the plastic trays to let the soil dry. From day 14, plants were 

watered every two days with half-strength Hoagland solution (Epstein, 1972). At 

day 14, leaves from the third pair of the rosette were labelled. Measurements 

were performed with the labelled leaves at two different leaf ages: 11-13 days 

after labelling (24-26 days after germination) and 19-21 days after labelling (32-

34 days after germination). These two ages were selected to represent the peak 

of leaf photosynthesis. Flexas et al. (2007) showed maximum and constant 

photosynthesis rates in Arabidopsis leaves 24-35 days after germination and 

strong decreases after that (70% reduction by 42 days after germination). 

Therefore, here we aim describing any incipient physiological and/or anatomical 

changes preceding the age-related decline of photosynthesis.   

 

Gas exchange and chlorophyll fluorescence measurement 

Gas exchange and chlorophyll fluorescence measurements were 

simultaneously performed using a portable photosynthesis system equipped with 

an integrated 2 cm2 leaf fluorescence chamber (LI-COR, Inc., Lincoln, NE, USA). 

In all measurements, block temperature was fixed at 25ºC and vapor pressure 

deficit (VPD) kept around 1.5 kPa. To ensure the reliability of the photosynthetic 

rates, air flow rate was regulated from 100 to 300 µmol s-1 in order to achieve >4 

µmol mol-1 CO2 delta between sample and reference infrared gas analysers. First, 

light response curves to determine saturating photosynthetic photon flux density 

(PPFD) were performed by varying PPFD between 0 and 2000 µmol m-2 s-1 

(90:10 % red:blue light) at 400 µmol CO2 mol-1 of ambient CO2 concentration (Ca). 

Then, complete CO2 response curves were performed after achieving maximum 

steady state conditions, always after 25-30 minutes at 400 µmol CO2 mol-1 and 

1500 µmol m-2 s-1 PPFD, by varying Ca between 50 and 1200 µmol mol-1. CO2 

response curves were repeated under non-photorespiratory conditions (< 2% 
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O2). After equilibration to a steady state, gas exchange parameters, steady-state 

fluorescence (Fs) and maximal fluorescence (Fm’) were registered with a white 

light saturating flash of around 8000 µmol m-2 s-1. The efficiency of the 

photosystem II (PSII) was estimated as PSII = (Fm’-Fs) / Fm’ (Genty et al. 

1989). Electron transport rate (ETR) was estimated as ETR = PPFD × PSII ×  

× , being  the leaf absorbance and  the electron partitioning between photo-

systems I and II (Genty et al. 1989). CO2 response curves under non-

photorespiratory conditions were used to establish the relationship between 

PSII and CO2 (with CO2 = (A + Rd) / PPFD), then considering  ×  = 4 ×b-1 

where b is the slope of the PSII ~ CO2 relationship (Valentini et al. 1995). Non-

photorespiratory respiration during the day (Rd) was estimated by dividing by 2 

the respiration rate measured in at least 1 h dark-adapted plants at a Ca of 400 

µmol CO2 mol-1 (Martins et al. 2013; Niinemets et al. 2005; Veromann-Jürgenson 

et al. 2017). In the cases where the leaves did not cover completely the 2 cm2 of 

the cuvette, a digital image of the leaf enclosed in the chamber was taken in order 

to determine the real area and therefore recalculate gas-exchange data. Any 

measurement performed at a non-ambient CO2 concentration was corrected for 

leaks following Flexas et al. (2007b). Then, mesophyll conductance (gm_FLU) was 

estimated following Harley et al. (1992), as:  

𝑔m_FLU =
𝐴N

𝐶i−
𝛤∗ (ETR+8 (𝐴N+𝑅d)

(ETR−4(𝐴N+𝑅d)

        (1) 

where AN is the net assimilation rate, * is CO2 compensation point in absence 

of Rd, and Ci the CO2 concentration in intercellular air-spaces. * was taken as 

42.9 µmol mol-1 at 25ºC (Bernacchi et al. 2001). gm_FLU values were used to 

transform AN-Ci to AN-Cc curves, being Cc the chloroplastic CO2 concentration. 

Maximum velocity of carboxylation (Vc,max) and  maximum electron transport rate 

on a Cc basis (Jmax) were calculated from AN-Cc following Farquhar et al. (1980). 

 

Anatomical measurements and modelled mesophyll conductance 

After the gas-exchange measurements, small cross-sections (approx. 3 × 

2 mm) of the leaf area enclosed in the leaf chamber were cut off with a razor 
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blade and immediately fixed in paraformaldehyde (2%) and glutaraldehyde (4%) 

in 0.1 M phosphate buffer solution (pH 7.4) under vacuum pressure. Five leaves 

were sampled per each light and age treatment. Samples were afterwards post-

fixed for 2 h in 2% osmium tetroxide, dehydrated in a graded series of ethanol, 

embedded in resin (LR-White, London Resin Company, London, UK) and 

solidified in an oven at 60ºC for 48h. 

Semi-thin (0.8 µm) and ultrathin transverse sections (90 nm), for light and 

transmission electron microscopy (TEM), respectively, were cut with an 

ultramicrotome (Leica UC6, Vienna, Austria). Semi-thin sections were dyed with 

toluidine blue (1 %) photographed with a Moticam 3 (Motic Electric Group Co., 

Xiamen, China) coupled to an Olympus BX60 (Olympus, Tokyo, Japan) light 

microscope. Ultrathin sections were contrasted with uranyl acetate and lead 

citrate and observed with a transmission electron microscopy (TEM H600; 

Hitachi, Tokyo, Japan). Between four to six fields of view per sample were 

photographed and analysed using IMAGEJ software (Schneider et al. 2012). 

Light microscopy images were used to determine leaf thickness (Tleaf), mesophyll 

thickness (Tmes), number of palisade layers, fraction of the mesophyll occupied 

by intercellular airspaces (fias) and cell dimensions. Transmission electron 

microscope images were used to determine mesophyll cell wall thickness (Tcw), 

cytoplasm thickness (Tcyt), chloroplast dimensions, length (Lchl) and thickness 

(Tchl), and mesophyll and chloroplast surface area exposed to intercellular 

airspace per leaf area (Sm/S and Sc/S, respectively). Cell curvature correction 

factor was calculated according to Thain (1983). Measurements were performed 

following Tomás et al. (2013). Due to differences in cell dimensional ratio between 

treatments, applied correction factors to cell surface area estimates varied 

between 1.16 and 1.25 for the spongy mesophyll tissue and between 1.33 and 

1.42 for the palisade mesophyll tissue. At least ten measurements per mesophyll 

tissue (spongy and palisade) were performed per anatomical trait and replicate. 

Then, weighted averages based on tissue volume fractions were calculated. 

Mesophyll conductance modelled from anatomical parameters (gm_ANAT) 

was estimated according to the one-dimensional within-leaf gas diffusion model 

of Niinemets and Reichstein (2003) as modified by Tomás et al. (2013) and 

Earles et al. (2018). Mesophyll diffusion conductance, as a composite 
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conductance for within-leaf gas, liquid and lipid components (gm_ANAT), is given 

as:  

𝑔m_ANAT =
1

1

𝑔ias
 + 

𝑅𝑇k
𝐻 · 𝑔liq

         (2) 

where R is the gas constant (Pa m3 K-1 mol-1), Tk is the absolute temperature (K) 

and H is the Henry’s law constant (m3 mol-1 K-1). H/(RTk) is the dimensionless 

form of Henry’s law constant needed to convert a liquid phase conductance (gliq) 

into a gas-phase equivalent conductance (Niinemets and Reichstein 2003). Gas-

phase diffusion depends on fias (m3 m-3) and the effective diffusion path length in 

the gas-phase (ΔLias) (Syvertsen et al. 1995; Terashima et al. 2011), given as 

formulated by Earles et al. (2018):  

𝑔ias =
𝐷a · 𝑓ias

𝜆 · ∆𝐿ias · ς
         (3) 

where Da (m2 s-1) is the diffusion coefficient for CO2 in the gas-phase (1.51·10-5 

m2 s-1 at 25°C),  is the lateral path lengthening (m m-1) and ς is the diffusion path 

tortuosity (m m-1). ΔLias was approximated by mesophyll thickness divided by two 

(Niinemets and Reichstein 2003).  and ς where assumed to be fias
-0.5 (Earles et 

al. 2018). The total liquid phase conductance is provided by the sum of the 

inverse of serial conductances:  

𝑔liq = (
1

∑
1

𝑔i

) ·  𝑆c/𝑆         (4) 

where gi (m s-1) is the partial conductance of cell wall (gcw), plasmalemma (gpl), 

cytosol (gct), chloroplast envelope (genv), or chloroplast stroma (gst). The 

conductance of a given component of the diffusion pathway is given by the 

general equation:  

𝑔i =
𝑟f,i · 𝐷w · 𝑝i

∆𝐿i
          (5) 

where rf,i is a dimensionless factor that accounts for the decrease of diffusion 

conductance compared to free diffusion in water (Weisiger 1998), Dw is the 

aqueous phase diffusion coefficient for CO2 (1.79·10-9 m2 s-1 at 25°C), pi (m3 m-

3) is the effective porosity in the given part of the diffusion pathway and ΔLi (m) is 
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the diffusion path length. 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,i 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 intraorganellal (thylakoids) heterogeneities 

(Niinemets and Reichstein 2003). Effective porosity, pi, was taken as 1 for gct and 

gst. Cell wall porosity (pcw) was taken as 0.3 (Nobel 1999). Due to the difficulty to 

measure 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 s-1) as previously 

suggested in other studies (Tomás et al. 2013).  

Conductance in units of m s-1 can be converted into molar units 

considering that  

g[mol m-2 s-1] = g[m s-1]44.6·[273.16/(273.16 + TL)(P/101.325),  

where TL is the leaf temperature (ºC) and P (Pa) is the air pressure.  

 

Quantitative limitation analysis of photosynthesis and mesophyll conductance 

The relative photosynthetic limitations including stomatal (ls), mesophyll 

(lm) and biochemical (lb) relative limitations (ls + lm + lb = 1) were calculated 

following Grassi and Magnani (2005): 

𝑙s =
𝑔tot 𝑔s⁄ ∙𝜕𝐴N 𝜕𝐶c⁄

𝑔tot+𝜕𝐴N 𝜕𝐶c⁄
         (6) 

𝑙m =
𝑔tot 𝑔m⁄ ∙𝜕𝐴N 𝜕𝐶c⁄

𝑔tot+𝜕𝐴N 𝜕𝐶c⁄
         (7) 

𝑙b =
𝑔tot

𝑔tot+𝜕𝐴N 𝜕𝐶c⁄
         (8) 

where gtot is the total CO2 diffusion conductance (calculated as gtot = 1/(1/gs + 

1/gm_FLU)). ∂AN/∂Cc was calculated as the slope of AN-Cc response curves over a 

Cc range of 50-100 mol mol -1. 



 

79 
 

The anatomical determinants of gm_ANAT were quantified following Tomás 

et al. (2013) by considering the component parts of the diffusion pathway. The 

gas-phase limitation of mesophyll conductance (lias) was calculated as: 

𝑙𝑖𝑎𝑠 =
𝑔m_ANAT

𝑔ias
          (9) 

The share of gm_ANAT by different components of the cellular phase conductances 

(li) was estimated as: 

𝑙𝑖 =
𝑔m_ANAT

𝑔i∙𝑆𝑐 𝑆⁄
          (10) 

where li is the limitation by the cell wall, the plasmalemma, cytosol, chloroplast 

envelope and stroma. 

 

Statistical analysis 

Independent two-way analysis of variance (ANOVA) was performed to 

check differences between treatments and for both light and leaf age treatments. 

Differences between means were detected by Tukey’s honest significant 

difference tests (with accepted P < 0.05). Model was re-assessed for Tukey’s 

HSD (honestly significant difference) test when interaction was not significant. 

Then, the two resultant models were chosen using the Aikake Information 

Criterion (AIC). Pearson correlation matrices were determined for each group of 

treatments to determine the correlations between the different parameters. The 

statistical relationships between different traits within treatments were explored 

by linear and non-linear regression analyses and considered significant at P < 

0.05. All analyses were performed with the R software (R Core Team 2016). 

Tukey’s Post-Hoc tests were performed using the R “agricolae” package 

(Mendiburu 2015). 

 

Results 

In order to investigate the effects of light growth conditions and leaf age on 

the Arabidopsis thaliana leaf’s physiology and anatomy, the photosynthetic 
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characteristics and the main structural traits involved in constraining the CO2 

diffusion were analysed in leaves at two different leaf age stages from plants 

grown under three different light treatments. Both treatments had significant 

effects on the leaf photosynthetic characteristics, apart from the visual phenotypic 

differences within plants of the same age (see Fig. 1 for plant rosettes 40 days 

after germination). Light and age treatments had significant effects on net 

photosynthesis (AN) across the supplied CO2 concentrations for a given 

chloroplastic CO2 concentration (Cc), although light saturation point was similar 

for all light and age treatments (Fig. 2A-C, Table S1), and was lower in leaves 

grown under low light (LL) than in moderate and high light (ML and HL, 

respectively); Fig. 2B, C; Table S1). 

AN was significantly lower in young leaves grown under low light (LL) 

compared to leaves grown under moderate and high light conditions (ML and HL, 

respectively). Instead, only significant differences between ages in AN were found 

in HL, where AN decreased by more than 35 % from age 1 to 2 (Fig. 3A). Non-

photorespiratory respiration during the day (Rd) presented strong significant 

differences between light treatments, being higher in HL (0.55 ± 0.04 mol m-2 s-

1) than in LL and ML (0.36 ± 0.03 and 0.22 ± 0.02 mol m-2 s-1, respectively; Table 

S1). Stomatal conductance to CO2 (gs) was highly variable within each treatment, 

and only a leaf age effect was reported with a tendency to decrease (Fig. 3B). On 

the contrary, only a light treatment significance was found in mesophyll 

conductance to CO2, although the effect of diverging light growth conditions was 

different depending on the gm estimation method. Whereas the fluorescence 

method yielded the largest gm_FLU values in ML (Fig. 3C), according to the 

analytical model based on anatomical traits gm_ANAT linearly increased with the 

increasing photosynthetic photon flux density (PPFD) at which plants grew (Fig. 

3D). Regarding the leaf biochemical capacity, a highly significant interaction was 

found between light and age, following both maximum carboxylation rate (Vc,max) 

and electron transport rate (Jmax) the same pattern: both parameters linearly 

increased with light growth condition in younger leaves, but an important 

decrease was reported in older as compared to younger leaves in HL (Fig. 3E, 

F). The quantitative limitation analysis showed that meanwhile relative mesophyll 

conductance limitation (lm) remained similar between light and age treatments 
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(ranged from 31 to 38 %), a light treatment effect was found for stomatal (ls) and 

biochemical limitations (lb), increasing the first and decreasing the second with 

increasing light growth conditions (Fig. 4). 

Most of the studied leaf morphoanatomical traits presented significant 

differences between treatments, although no general pattern was found for light 

and age treatments (Fig. 5; Table 3, S2). Dry leaf mass per area (LMA) and the 

number of palisade layers significantly increased with light growth conditions, but 

no differences were found between leaf ages (Fig. 6A, C). Similarly, leaf thickness 

(Tleaf) increased with growth light conditions in younger leaves, but differences 

disappeared between ML and HL at age 2 (Fig. 6B). The fraction of the mesophyll 

occupied by the intercellular air spaces (fias) was kept constant between light and 

age treatments, except in LL young leaves, which was significantly higher (25.8 

± 2.0 %), to later equal the others in age 2 (17.7 ± 1.4 %; Fig. 6D). Mesophyll and 

chloroplast surface area exposed to intercellular airspace per leaf area (Sm/S and 

Sc/S, respectively) increased as LMA and number of palisade layers increased 

with light growth intensities and, similarly to those two last parameters, no 

changes were found between leaf ages (Fig. 6E, F). Thus, the ratio Sc/Sm 

increased with light growth intensity, but differences in the increase percentage 

between Sm/S and Sc/S lead to significant differences between leaf ages, being 

the Sc/Sm ratio lower at older leaf age (Fig. 6G). In this sense, as the leaf aged, 

chloroplasts significantly decreased their thickness, increasing the distance 

between chloroplasts, but chloroplast did not change their length (Table 1). 

Significant differences were found in mesophyll cell wall thickness between light 

and age treatments, although no light × age interaction was found (Fig. 6H). 

Based on the quantitative structural limitation analysis, the estimated gas phase 

limitation inside the leaf significantly increased with growth light conditions from 

1.55 to 17.27 %, and no differences were found between leaf ages (Fig. 7A). 

Among all the components of liquid phase limitations, the stroma (lst) represented 

about two-thirds of the diffusion resistance to CO2 (ranging from 59.5 % in HL-

age 2 to 70.6 % in ML-age 1), followed by the cytoplasm (lct; which ranged from 

6.07 % in LL-age 1 to 18.87 % in HL-age 2). Cell walls (lcw) and membranes (lpl 

and len) played a minor role (Fig. 7B). Significant differences were found for each 
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cellular phase among light and age treatments, but the light × age interaction was 

significant only for lct and lst (Fig. 7B). 

 

Discussion 

In this study, we have shown that light acclimation in Arabidopsis thaliana 

causes significant changes in most physiological characteristics and structural 

traits (Figs. 1-3 and 5). Differences in AN and its related physiological traits 

(except for gs CO2) were much more important between LL and ML than between 

ML and HL (Fig. 3, Table S1). Due to the fact that most studies grow Arabidopsis 

under light intensities in the range comprised between LL and ML (e.g. Teng et 

al. 2006, Watanabe et al. 2014, Weise et al. 2015, Weraduwage et al. 2016, 

Xiong et al. 2017, Boyd et al. 2019), the results of the present study confirm the 

low comparability among studies suggested by Lake (2004). Significant 

differences in gm found between light treatments can be attributed to the great 

phenotypic response found in leaf morphological and anatomical traits, as 

previously reported by several studies (Hanba et al. 2002, Oguchi et al. 2005, 

Tosens et al. 2012, Morales et al. 2014, Fini et al. 2016, Peguero-Pina et al. 2016, 

Ellsworth et al. 2018). The anatomical traits followed different patterns with 

increasing growth light conditions. LMA, the most integrative morphological trait 

integrating leaf structure complexity (Niinemets et al. 2009, Onoda et al. 2017), 

the number of palisade layers and both mesophyll and chloroplast surface area 

exposed to intercellular airspaces per leaf area (Sm/S and Sc/S) steeply increased 

with increasing growth light without showing signs of saturation at high light, as 

recently reviewed by Poorter et al. (2019) (Fig. 6A, C, E-F). Other traits like leaf 

thickness (Tleaf), the ratio Sc/Sm and cell wall thickness (Tcw), instead, mostly 

increased from LL to ML treatments, and showed signals of saturation between 

ML and HL (Fig. 6B, G-H). This is in agreement with observations in other species 

where Tcw remains constant with increasing light (Hanba et al. 2002; Tosens et 

al. 2012; Ellsworth et al. 2018), although it has also been reported to increase in 

some species (Fini et al. 2016). When compared with higher light growth 

conditions, the young leaves of A. thaliana grown in LL showed a higher fraction 

of the mesophyll occupied by intercellular air spaces (fias) (Fig. 6D), which is a 
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common response of plants grown under low light conditions (Terashima et al. 

2011). Higher fias and thinner leaves supposed a lower gas-phase partial 

limitation on gm (Fig. 7A), as already shown by Galmés et al. (2013), Tomás et 

al. (2013) and Peguero-Pina et al. (2016), among others. The fact that the 

anatomy-based modelled values of gm (Tosens et al. 2012) closely resemble the 

estimates made by gas exchange and chlorophyll fluorescence measurements 

(Harley et al. 1992) strongly suggests that there must be at least a partial 

causality between changes in anatomy and changes in gm. The changes reported 

in this study in terms of mesophyll anatomical traits and their implications in gm 

constitute a new insight into the functional acclimation to environmental variables 

in the model species Arabidopsis thaliana. 

There may still be additional factors that further complicate the 

comparison. In Flexas et al. (2007a), Arabidopsis leaf photosynthetic capacity 

was similar between 28 and 34 days after germination. However, after day 34 gm 

started to importantly decrease, being up to 70% lower between 42–46 days after 

germination. In this study, we used the same the Col-0 ecotype and followed the 

same protocol to grow the plants, in order to investigate the subjacent anatomic 

changes that are expected to occur during the time range in which the peak gm is 

achieved. As in Flexas et al. (2007), gm did not significantly differ between ages 

1 and 2 (24–26 and 32–34 days after germination, respectively; Fig. 3C). Based 

on this, it could be argued that studies performed on 24- or 34-days-old leaves 

are comparable. However, this might not be the case as shown by the next 

results.  

The scarce studies investigating how the leaf internal architecture 

modulates gm during leaf development and ageing demonstrate that gm can be a 

significant constraint to photosynthesis during leaf life span (Hanba et al. 2001, 

Miyazawa and Terashima 2001, Miyazawa et al. 2003, Marchi et al. 2008, Tosens 

et al. 2012, Niinemets et al. 2012). Once fully expanded leaves achieve maximum 

gm, this photosynthetic trait tends to decrease with leaf age (Loreto et al. 1994, 

Niinemets et al. 2012), being suggested by Miyazawa and Terashima (2001), 

Miyazawa et al. 2003 and Tosens et al. (2012) to be mainly due to the 

accumulation of cell wall material which result in thicker cell walls. Moreover, 

Niinemets et al. (2012) suggested a possible reduction of cell-wall effective 
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porosity with leaf ageing. Therefore, we investigated whether foliar anatomy 

changed with leaf age despite the constancy of gm between leaf ages 1 and 2. 

Anatomically, the maximum modelled gm for the leaves (gm_ANAT; Tomás et 

al. 2013) was similar between the two leaf ages, irrespective of growth light 

intensity, supporting the reliability of the reported values of gm estimated from 

chlorophyll fluorescence (gm_FLU; Harley et al. 1992; Fig. 3C-D). However, as first 

hypothesized, and in accordance with Miyazawa and Terashima (2001), 

Miyazawa et al. (2003) and Tosens et al. (2012), older leaves presented thicker 

cell walls, also irrespective of growth light conditions (Fig. 6H). Thicker cell walls, 

as well as increased leaf thickness (Tleaf) without consequent increases in Sc/S in 

LL and ML (Figs. 3B, 5), increased distance between chloroplasts lined with cell 

walls (Lbetchl) in all light treatments, and increased cytoplasm thickness between 

chloroplasts and cell walls (Tcyt) in ML and HL (Table 1), are all age-related 

changes that suppose a lengthening of the CO2 pathway across the mesophyll, 

and usually would involve a higher total mesophyll resistance to CO2 diffusion 

(Evans et al. 2009, Terashima et al. 2011, Tosens et al. 2012, Tomás et al. 2013, 

Carriquí et al. 2019). However, the partial limitation analysis on gm revealed that 

neither cell wall, plasma membrane nor cytoplasm cell components imposed 

separately >20% of total liquid-phase limitations to gm (Fig.7B). In the case of the 

cell wall, the variability in its thickness with leaf age although significant (P < 

0.001, Fig. 6H) was small compared to the Tcw range reported for angiosperms 

(from 0.10 in Triticum aestivum to 1.15 in Paphiopedilum spp.; Ouyang et al. 

2017, Yang et al. 2018). Thus, changes in cell wall effective porosity, although 

possible (Niinemets et al. 2012) due to constant cell wall remodeling and 

reconstruction during leaf ontogeny (Sarkar et al. 2009), would be expected to be 

small —in this study a constant cell wall effective porosity of 0.3 m3 m-3, the value 

suggested by Nobel (1999) for a species with thin cell walls, was assumed for gm 

modelisation in Arabidopsis—. The reason by which gm did not decrease in the 

older leaves seems to lie in the chloroplast stroma, the principal component 

limiting gm in Arabidopsis in this study (accounting for 57 to 71% of the liquid-

phase conductance, depending on the light and age treatment; Fig. 7B) and in 

Xiong et al. (2017), as well as in other species with thin-walled mesophyll (Tosens 

et al. 2012, Han et al. 2018). In this study, chloroplast thickness was significantly 
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reduced during ageing in all three light treatments (Table 1). Thus, reducing the 

liquid-phase CO2 pathway and compensating for the negative effect of increased 

Tcw, Tleaf, Lbetchl and Tcyt. Finally, the fact that no remarkable changes in LMA, fias 

and Sm/S were found between leaf ages, in disagreement with age-dependent 

modifications reported by previous studies (Miyazawa and Terashima 2001, 

Hanba et al. 2002, Marchi et al. 2008, Tosens et al. 2012), although major age-

dependent changes in LMA are not likely to occur in short-lived herbaceous 

species (Niinemets 2016). While we did not performed measurements beyond 

age 32-34 days, however, if the observed tendencies for Tcw, Tleaf, Lbetchl and Tcyt 

continued from day 32-34 to day 42-44, then gm_anat would decrease by 25-35%, 

i.e. in agreement with the observations of Flexas et al. (2007).  

In conclusion, Arabidopsis thaliana presented significant modifications of 

the leaf architecture depending on the light intensity to which it has acclimated 

and during leaf ageing (Figs. 5, 6). These modifications, which were especially 

important between LL and ML treatments, had important consequences on both 

gm and AN (Fig. 3). As most studies using Arabidopsis grow their plants in the 

range of light intensities comprised between LL and ML, our findings reveal that 

at least a significant fraction of the variability reported across studies in both 

physiological characteristics and anatomical properties for control Arabidopsis 

plants is due to growth light conditions. Nevertheless, the significant light x age 

interactions in some parameters (Table 1, Figs. 3E-F, 6D) demonstrates that 

measuring leaves expressing the optimal physiological peak depends not only on 

the light intensity employed for growing plants, but also on the leaf age. 

Therefore, the results from this study confirm the low comparability between 

Arabidopsis studies early stated by Lake (2004) and highlight the relevance of 

standardizing both growth and measuring conditions in Arabidopsis to enable 

cross-study comparisons. 
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Tables 

 

Table 1. Chloroplast thickness (Tchl), chloroplast length (Lchl), length between 

chloroplasts (Lbetchl) and cytoplasm thickness (Tcyt) for Arabidopsis thaliana grown 

under low, moderate and high light intensities at two different leaf ages. Values 

are average ± SE (n = 5).  

Growth light intensity Age 

Tchl 

(µm) 

Lchl 

(µm) 

Lbetchl 

(µm) 

Tcyt 

(µm) 

Low light 1 3.47 ± 0.15abc 6.33 ± 0.17 0.69 ± 0.08bc 0.31 ± 0.04bc 

 

2 3.15 ± 0.07bc 6.58 ± 0.29 1.38 ± 0.31ab 0.14 ± 0.04c 

Moderate light 1 4.03 ± 0.23a 7.22 ± 0.39 0.51 ± 0.08c 0.30 ± 0.03bc 

 

2 2.84 ± 0.34c 6.34 ± 0.20 2.08 ± 0.22a 0.44 ± 0.06ab 

High light 1 3.93 ± 0.10ab 6.73 ± 0.44 0.55 ± 0.12c 0.35 ± 0.01ab 

 

2 3.26 ± 0.18abc 6.50 ± 0.25 1.07 ± 0.12bc 0.52 ± 0.06a 

Two-way ANOVA1 L 0.376 0.600 0.037 0.0001 

 

A 0.0002 0.273 < 0.0001 0.197 

  L x A 0.112 - 0.015 0.001 

1 A two-way ANOVA was performed with growth light condition (L) and leaf age 

(A) to test the significance. P values obtained using Tukey’s honest significant 

difference (HSD) test when L, A or L x A interaction was significant are displayed. 

Model was reassessed for HSD test when interaction was not significant, and the 

two resultant models were chosen following the Aikake Information Criterium 

(AIC) test. Values with the same superscript letters are not significantly different. 
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Legends to figures 

Fig. 1. Representative phenotypes of plant rosettes grown at three different light 

intensities- low light (76 ± 5 μmol m-2 s-1), moderate light (242 ± 10 μmol m-2 s-1) 

and high light (489 ± 25 μmol m-2 s-1)-, 40 days after germination. 

 

Fig. 2. Response of net assimilation (AN) to (A) photosynthetic photon flux density 

(PPFD), (B) sub-stomatal CO2 concentration (Ci), and (C) chloroplastic CO2 

concentration (Cc) of leaves of plants grown at low light (LL), moderate light (ML) 

and high light (HL) intensities measured at two different ages. Values are average 

± SE of four to six replicates per response curve. 

 

Fig. 3. Variations in (A) net photosynthesis (AN), (B) stomatal conductance to CO2 

(gs), (C) mesophyll conductance estimated from chlorophyll fluorescence 

(gm_FLU), (D) mesophyll conductance modelled from anatomical traits (gm_ANAT), 

(E) maximum carboxylation rate (Vc,max), and (F) electron transport rate (Jmax) in 

leaves grown under three different light intensities and measured at two different 

leaf ages. Data are average ± SE (n = 4-6). Significance in light growth intensity 

(L), leaf age (A) and L x A interaction is symbolized by: *, P < 0.05; **, P < 0.01; 

***, P < 0.001; ns, not significant.  

 

Fig. 4. Relative stomatal (ls), mesophyll conductance (lm) and biochemical (lb) 

photosynthesis limitations for Arabidopsis thaliana leaves at two different leaf 

ages from plants grown at low, moderate and high light intensities.  

 

Fig. 5. Leaf cross-sections of Arabidopsis thaliana at two different leaf ages and 

grown under low (A, B), moderate (C, D) and high (E, F) light intensities.  
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Fig. 6. Variations in (A) dry leaf mass per area (LMA), (B) leaf thickness (Tleaf), 

(C) number of palisade layers, (D) fraction of the mesophyll occupied by the 

intercellular air spaces (fias), (E and F) mesophyll and chloroplast surface area 

exposed to intercellular airspace per leaf area (Sm/S and Sc/S, respectively), (G) 

the ratio Sc/Sm, and (H) mesophyll cell wall thickness (Tcw) in leaves grown under 

three different light intensities and measured at two different leaf ages. Data are 

average ± SE (n = 5). Significance in light growth intensity (L), leaf age (A) and L 

x A interaction is symbolized by: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not 

significant. 

 

Fig. 7. Limitation of mesophyll conductance due to anatomical constraints. (A) 

Share of the overall gm_ANAT limitation by the gas (lias) and liquid phase (lliquid), and 

(B) the liquid-phase limitation among its components: cell wall (lcw), plasma 

membrane (lpl), cytoplasm (lct), chloroplast envelope (len) and chloroplast stroma 

(lst). 

 

Supplementary data 

Table S1. Photosynthetic characteristics for each leaf age and growth light 

condition treatment.  

Table S2. Morphoanatomical characteristics for each leaf age and growth light 

condition treatment. 
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Figures 

 

Figure 1 

 

Figure 2 
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Figure 3 
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Figure 4 

 

 

Figure 5 
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Figure 6 
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Figure 7 
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Supplementary data 

Table S1. Net assimilation rate (AN), stomatal conductance (gs), mesophyll conductance estimated from chlorophyll fluorescence and 

modelled from anatomical characteristics (gm_FLU and gm_ANAT, respectively) substomatal CO2 concentration, chloroplastic CO2 

concentration (Cc), non-photorespiratory respiration during the day (Rd), maximum carboxylation rate (Vc,max) and electron transport 

rate (Jmax) for Arabidopsis thaliana grown under low, moderate and high light intensities at two different leaf ages. Values are average 

± SE (n = 4-6). Dashes account for non-available data. 

Growth light 

intensity Age 

AN 

(µmol m-2 s-

1) 

gs CO2 

(mol m-2 s-1) 

gm_FLU 

(mol m-2 s-1) 

gm_ANAT 

(mol m-2 s-1) 

Ci 

(µmol mol-1) 

Cc 

(µmol mol-1) 

Rd 

(µmol m-2 s-

1) 

Vc,max 

(µmol m-2 s-

1) 

Jmax 

(µmol m-2 s-

1) 

Low light 1 6.1 ± 0.8c 0.082ab 0.040 ± 0.004b 0.043 ± 0.004c 312 ± 4a 162 ± 11 - 41.9 ± 4.9c 50.3 ± 6.7c 

 2 6.0 ± 0.3c 0.070b 0.050 ± 0.009b 0.049 ± 0.003c 298 ± 6ab 167 ± 17 0.36 ± 0.03b 41.5 ± 2.7c 51.2 ± 2.0c 

Moderate light 1 13.2 ± 0.6a 0.142a 0.111 ± 0.012a 0.069 ± 0.004abc 281 ± 16ab 156 ± 9 - 87.3 ± 2.9b 116.7 ± 2.7b 

 2 10.6 ± 1.0ab 0.089ab 0.092 ± 0.019ab 0.062 ± 0.008bc 255 ± 13b 128 ± 8 0.22 ± 0.02a 90.1 ± 6.3b 123.3 ± 8.2b 

High light 1 12.5 ± 1.1a 0.101ab 0.088 ± 0.010ab 0.083 ± 0.006ab 252 ± 13b 107 ± 11 - 140.5 ± 21.1a 164.0 ± 15.0a 

 2 7.9 ± 0.5bc 0.071ab 0.072 ± 0.014ab 0.091 ± 0.009a 269 ± 15ab 150 ± 7 0.55 ± 0.04c 58.3 ± 4.7bc 88.3 ± 3.5b 

Two-way ANOVA1 L < 0.0001 0.055 0.0008 < 0.0001 0.002 0.006 < 0.0001 < 0.0001 < 0.0001 

 A 0.0002 0.015 0.279 0.685 0.682 0.240 - 0.0007 0.0001 

  L x A 0.024 - - - 0.199 0.016 - 0.0003 < 0.0001 

 

1 A two-way ANOVA was performed with growth light condition (L) and leaf age (A) to test the significance. P values obtained using 

Tukey’s honest significant difference (HSD) test when L, A or L x A interaction was significant are displayed. Model was reassessed 

for HSD test when interaction was not significant, and the two resultant models were chosen following the Aikake Information Criterium 

(AIC) test. Values with the same superscript letters are not significantly different. 
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Table S2. Dry leaf mass per leaf area (LMA), leaf density (Dleaf), leaf thickness (Tleaf), mesophyll thickness (Tmes), number of 

palisade layers, fraction of the mesophyll occupied by the intercellular air spaces (fias), mesophyll and chloroplast surface area 

exposed to intercellular airspace per leaf area (Sm/S and Sc/S, respectively) and mesophyll cell wall thickness (Tcw) for Arabidopsis 

thaliana grown under low, moderate and high light intensities at two different leaf ages. Values are average ± SE (n = 5). 

Growth light 

intensity Age 

LMA 

(g m-2) 

Dleaf 

(g cm-3) 

Tleaf 

(µm) 

Tmes 

(µm) 

Number of 

palisade 

layers 

fias 

(%) 

Sm/S 

(m2 m-2) 

Sc/S 

(m2 m-2) 

Sc/Sm 

 

Tcw 

(µm) 

Low light 1 9.6 ± 1.0b 0.088 ± 0.009 108 ± 2d 88 ± 2c 1.06 ± 0.06c 25.8 ± 2.0a 6.72 ± 0.54c 3.89 ± 0.37b 0.58 ± 0.01b 0.137 ± 0.007b 

 
2 9.8 ± 0.7b 0.068 ± 0.009 153 ± 24cd 127 ± 24bc 1.20 ± 0.20c 17.7 ± 1.4b 7.21 ± 0.53c 4.05 ± 0.29b 0.57 ± 0.04b 0.197 ± 0.024ab 

Moderate light 1 15.7 ± 2.1b 0.073 ± 0.010 216 ± 12bc 188 ± 15ab 1.92 ± 0.16b 16.3 ± 1.7b 10.75 ± 0.67bc 7.63 ± 0.24ab 0.73 ± 0.03ab 0.211 ± 0.018ab 

 
2 19.3 ± 0.5ab 0.067 ± 0.005 296 ± 24ab 262 ± 20a 2.10 ± 0.10b 18.3 ± 2.0ab 10.24 ± 1.17bc 5.77 ± 0.42b 0.59 ± 0.03b 0.269 ± 0.022a 

High light 1 30.8 ± 4.8a 0.104 ± 0.023 313 ± 29a 278 ± 32a 3.04 ± 0.15a 16.5 ± 1.9b 13.14 ± 0.99ab 10.18 ± 0.98a 0.78 ± 0.02a 0.208 ± 0.012ab 

  2 29.0 ± 3.9a 0.093 ± 0.005 308 ± 27ab 278 ± 26a 3.42 ± 0.19a 16.2 ± 1.4b 16.80 ± 2.23a 11.28 ± 2.41a 0.66 ± 0.07ab 0.260 ± 0.018a 

Two-way ANOVA L < 0.0001 0.052 < 0.0001 < 0.0001 < 0.0001 0.010 < 0.0001 < 0.0001 0.003 0.0003 

 
A 0.764 0.181 0.036 0.049 0.064 0.141 0.352 0.521 0.004 0.0004 

  L x A - - 0.171 - - 0.019 0.161 - 0.164 - 

 

1 A two-way ANOVA was performed with growth light condition (L) and leaf age (A) to test the significance. P values obtained using 

Tukey’s honest significant difference (HSD) test when L, A or L x A interaction was significant are displayed. Model was reassessed 

for HSD test when interaction was not significant, and the two resultant models were chosen following the Aikake Information Criterium 

(AIC) test. Values with the same superscript letters are not significantly different.
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Chapter 3. Mesophyll conductance and its main 

anatomical determinants along land plant’s 

phylogeny 

 

Note: The study of ferns and fern allies was extended and complemented with 

the following paper (not included in the present Thesis): 

Tosens T., Nishida K., Gago J., Coopman R.E., Cabrera H.M., Carriquí M., 

Laanisto L., Morales L., Nadal M., Rojas R., Talts E., Tomas M., Hanba 

Y., Niinemets Ü., Flexas J. (2016) The photosynthetic capacity in 35 ferns 

and fern allies: mesophyll CO2 diffusion as a key trait. New Phytologist 

209, 1576–1590. 
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Diffusional limitations explain the lower photosynthetic 

capacity of ferns as compared with angiosperms in a 

common garden study 
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Anatomical constraints to nonstomatal diffusion conductance and 

photosynthesis in lycophytes and bryophytes 
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Chapter 4. Chloroplast surface area-based 

strategies to optimize mesophyll conductance 
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Abstract 

Mesophyll conductance (gm) is mainly set by several anatomical traits that 

are generally inter-coordinated, and extreme values for these traits have been 

reported thus far in species with high or low photosynthetic capacity. However, 

recently published work on mesophyll conductance in gymnosperm species (with 

thick leaves and extreme cell walls) opened the possibility of finding within this 

plant group some outlier species in the general relationships widely reported for 

tracheophytes. Searching for outliers, we performed a screening of gymnosperm 

species, characterizing their main physiological and morphoanatomical traits. We 

found that Thuja plicata Donn ex D.Don, with extremely thick leaves and cell 

walls, also had the highest chloroplast surface area exposed to intercellular 

airspace per leaf projected area (Sc/S) ever reported for a land plant. Modelling 

revealed that this high Sc/S allows T. plicata reaching a reasonable gm and 

compensating the negative effect of the other anatomical traits. However, if other 

wild species with lower cell wall thickness would have had such large Sc/S, they 

would express crop-like gm values. The discovery of this outlier species 

empirically demonstrates that leaves with modified anatomy to increase or 

maintain their mesophyll conductance while increasing their stress tolerance are 

biologically possible.  

 

Introduction 

Mesophyll conductance (gm) is, together with stomatal conductance and 

biochemistry, a main limitation to photosynthesis. Defined as the inverse of the 

diffusive resistance found by CO2 molecules to move inside the leaf from the 

substomatal cavity to the carboxylation site in the chloroplast stroma, it is 

composed by several anatomical and biochemical traits. Now that gm has been 

characterized in many terrestrial plant species, certain common patterns are 
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observed to be followed by species in order to achieve a greater gm (Flexas et al. 

2018). 

In this sense, the main anatomical traits involved in constraining gm are: 

leaf thickness (Tleaf), chloroplast surface area exposed to intercellular airspace 

per leaf area (Sc/S) and cell wall thickness (Tcw; Evans et al. 2009, Niinemets et 

al. 2009, Terashima et al. 2011, Tomás et al. 2013, Tosens et al. 2012, 2016, 

Veromann-Jürgenson et al. 2017, Ren et al. 2019). Plants with higher gm tend to 

have thinner leaves and cell walls and increased leaf density, with more and 

smaller cells (Lehmeier et al. 2017, Ren et al. 2019), which in turn results in a 

higher Sc/S (Onoda et al. 2017, Ren et al. 2019). High values of Sc/S and low 

values of Tcw tend to be associated to crops and annual angiosperms, and the 

opposite to ferns, gymnosperms and long-lived leaves (Tosens et al. 2016, 

Onoda et al. 2017, Veromann-Jürgenson et al. 2017, Flexas et al. 2018). 

Conflicting strategies (e.g. high Tcw and high Sc/S, or low Tcw and low Sc/S) have 

not been reported yet in leaves of plants grown in optimal conditions. However, 

while a biological limit seems to impede the development of mesophyll cell walls 

< 0.09 micrometers thick (Tomás et al. 2013, Han et al. 2016, Ouyang et al. 2017, 

Carriquí et al. 2019a), no upper limit has been suggested for Sc/S (Ren et al. 

2019). 

We hypothesize that some perennial species with extremely high Tleaf and 

Tcw could have developed also extremely high Sc/S to partially compensate the 

low CO2 diffusion conductance (thus improving their carbon balance). Good 

candidate species could be found within ferns (but none was found in a survey of 

> 30 species (Tosens et al. 2016) or in gymnosperms (Veromann-Jürgenson et 

al. 2017). In a survey of several gymnosperm species (unpublished data) we 

found Thuja plicata Donn ex D. Don, an economically important evergreen tree 

species of the Pacific North-west forests of North America that can grow up to 70 

meters height (Harlow et al. 2005), to be an outlier to the above described 

tendencies. The objectives of the present work are: (1) to describe the 

photosynthetic and anatomical characteristics of T. plicata that convert this 

species into an outlier in comparison to other species, including other 

gymnosperms; (2) to assess the extent to which the particular anatomy of T. 
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plicata optimizes its photosynthesis; and (3) to model how large could be the gm 

and photosynthesis rate of other species should they have the extremely large 

Sc/S displayed by T. plicata. 

 

Material and methods 

Seven 80-cm tall plant of Thuja plicata Donn ex. D. Don were bought from 

a nursery. Then, plants were transplanted into pots (15 L) containing 75:25 

mixture of horticultural substrate (peat) and pearlite (granulometry A13) and were 

fertilised with 5 g l-1 of slow release NPK (4/1/2 ratio) fertilizer (Multigreen, Haifa 

Chemicals, Madrid, Spain). Plants were grown outdoors fully exposed to direct 

sunlight under Mediterranean conditions at the University of the Balearic Islands 

(Mallorca, Spain; 39º45’51’’N, 2º42’33’’E) and watered by automatic drip every 

three days to maintain optimum water status. Measurements were performed in 

April 2016 (mean max/min temperatures 20.4/9.0 ºC, mean relative humidity 67.6 

% and mean photosynthetic active radiation at noon ca. 1515 mol m-2 s-1). All 

measurements were performed on young fully expanded leaves to ensure mature 

leaf anatomy and to limit variation among plants.  

 

Gas exchange and chlorophyll fluorescence measurements 

Leaf gas exchange parameters were measured using a LI-6400 portable 

photosynthesis system (LI-COR, Inc., Lincoln, NE, USA) with an infrared gas 

analyser (IRGA) coupled with a 2 cm2 leaf fluorescence chamber (Li-6400-40 leaf 

chamber fluorometer; Li-Cor, Inc.). All measurements were carried out between 

10:00 and 17:00 h (Central European summer time). Block temperature was fixed 

at 25ºC, vapor pressure deficit (VPD) kept between 1.5-2.0 kPa and air flow rate 

between 150 to 200 µmol s-1 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 s-1, 90:10 red:blue light). 

Once steady state conditions were achieved, typically after 35-50 minutes, 
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complete light and CO2 response curves (11 and 13 steps, respectively) were 

performed in a random order. Then, additional CO2 response curves were 

performed under non-photorespiratory conditions (O2 < 2%). Six to seven curves 

were performed per response curve type. The order in which curves were 

performed did not affect the responses (data not shown). Values of net 

assimilation rate (AN) and the efficiency of photosystem II (PSII) were registered 

just after the steady-state conditions for gas exchange were reached. Multiphase 

flash methodology for chlorophyll fluorescence measurements was followed, as 

suggested by Loriaux et al. (2013). The electron transport rate (ETR) was 

estimated from Genty et al. (1989) as ETR = PPFD × PSII ×  × , being  the 

leaf absorbance and  the electron partitioning between photo-systems I and II. 

The · parameter was estimated following Valentini et al. (1995) from light 

response curves under non-photorespiratory conditions. Non-photorespiratory 

respiration during the day (Rd) was estimated as half the respiration rate 

measured after 2 h of dark-adapting the plants (Martins et al. 2013, Niinemets et 

al. 2005, Veromann-Jürgenson et al. 2017). As T. plicata leaves did not fully cover 

the 2 cm2 cuvette (covered between 1.4 and 1.9 cm2), an image of the leaf fraction 

placed in the chamber was taken, and the actual projected area was calculated 

using ImageJ software (Wayne Rasband/NIH, Bethesda, MD, USA). The 

corrected projected areas were used to recalculate gas-exchange data. 

Moreover, any measurement performed at a non-ambient CO2 concentration was 

corrected for leaks following Flexas et al. (2007). Then, mesophyll conductance 

(gm_FLU) was estimated following Harley et al. (1992), as:  

𝑔m_FLU =
𝐴N

𝐶i−
Γ∗ (𝐸𝑇𝑅+8 (𝐴N+𝑅d)

(𝐸𝑇𝑅−4(𝐴N+𝑅d)

        (1) 

where AN is the net assimilation rate, * is CO2 compensation point in absence 

of Rd, and Ci the CO2 concentration in intercellular air-spaces. * was assumed 

to be 42.5 µmol mol-1 as in Bernacchi et al. (2001) due to the lack of available 

data for the CO2/O2 specificity factors in conifer species. The gm values were used 

to transform the previous CO2 response curves to AN-Cc curves. AN-Cc curves 

were used to calculate the maximum velocity of carboxylation (Vc,max), and the 

maximum electron transport rate on a Cc basis (Jmax). 
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Leaf mass per unit area 

Leaves were sampled and photographed in an orthogonal plane to 

determine its projected leaf area using IMAGEJ software (Schneider et al. 2012). 

Afterwards, leaf portions were placed in an oven at 60ºC until constant dry weight 

was reached to calculate the dry leaf mass per unit leaf area (LMA). 

 

Anatomical measurements 

Immediately after gas-exchange measurements, small leaf pieces (3 × 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. 5 plants were sampled. 

Afterwards, samples were post-fixed in 2% buffered osmium tetroxide for 2h, and 

dehydrated in a graded series of ethanol. Dehydrated samples were embedded 

in resin (LR-White, London Resin Company, London, UK) and solidified in an 

oven at 60ºC for 48h. 

Semi-thin cross-sections of 0.8 µm and ultrathin cross-sections of 90 nm 

for transmission electron microscopy (TEM) were cut with an ultramicrotome 

(Leica UC6, Vienna, Austria). Semi-thin sections were dyed with 1% toluidine 

blue and observed at 200× magnifications under an Olympus BX60 (Olympus, 

Tokyo, Japan) light microscopy and photographed with a Moticam 3 (Motic 

Electric Group Co., Xiamen, China). The ultrathin sections were contrasted with 

uranyl acetate and lead citrate and viewed at 1200× and 30000× magnifications 

with a transmission electron microscopy (TEM H600; Hitachi, Tokyo, Japan). All 

images were analysed using IMAGEJ software (Schneider et al. 2012). Leaf 

thickness from adaxial to abaxial cuticle (Tleaf), mesophyll thickness between the 

two epidermal layers but excluding vascular bundles (Tmes), fraction of the 

mesophyll occupied by intercellular airspaces (fias), mesophyll cell diameter and 

length in randomly selected cells and mesophyll surface area exposed to 

intercellular airspace per unit of projected leaf area (Sm/S) were measured from 

light microscopy images. Cell wall thickness (Tcw), cytoplasm thickness (Tcyt), 
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chloroplast length (Lchl), chloroplast thickness (Tchl) and chloroplast surface area 

exposed to intercellular airspace per unit of projected leaf area (Sc/S) were 

measured and calculated following Tomás et al. (2013) from TEM images. Cell 

curvature correction factor was calculated according to Thain (1983). Correction 

factors of 1.22 and 1.45 were applied to cell surface area estimates for the 

palisade and mesophyll tissue, respectively. Four to six randomly selected 

different fields of view were considered per plant replicate to measure each 

anatomical characteristic. At least 10 measurements were performed per 

anatomical characteristic (15 for Lchl and Tchl and 30 for cell dimensions), 

mesophyll tissue type (spongy and palisade) and replicate across the entire leaf 

cross-section. Then, weighted averages based on tissue volume fractions were 

calculated. 

 

Estimation of mesophyll conductance modelled from anatomical characteristics 

The one-dimensional within-leaf gas diffusion model of Niinemets & 

Reichstein (2003) as modified by Tomás et al. (2013) was applied. Mesophyll 

diffusion conductance as a composite conductance for within-leaf gas, liquid and 

lipid components (gm_ANAT) is given as:  

𝑔m_ANAT =
1

1

𝑔ias
 + 

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 phase conductance (gliq) 

into a gas-phase equivalent conductance (Niinemets & 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 (ΔLias) (Syvertsen et al. 1995, Terashima et al. 2011). Gas phase 

conductance (gias) was given as formulated by Earles et al. (2018):  

𝑔ias =
𝐷a · 𝑓ias

𝜆 · ∆𝐿ias · ς
         (3) 
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where Da (m2 s-1) is the diffusion coefficient for CO2 in the gas-phase (1.51·10-5 

m2 s-1 at 25°C),  is the lateral path lengthening (m m-1) and ς is the diffusion path 

tortuosity (m m-1). ΔLias was approximated by mesophyll thickness divided by two 

(Niinemets & Reichstein 2003).  and ς where assumed to be fias
-0.5 following 

Earles et al. (2018). The total liquid phase conductance is provided by the sum 

of the inverse of serial conductances:  

1

𝑔liq
= (

1

𝑔cw
+

1

𝑔pl
+

1

𝑔ct
+

1

𝑔en
+

1

𝑔st
) ·  𝑆c/𝑆      (4) 

where partial conductances are for cell wall (gcw), plasmalemma (gpl), cytosol 

(gct), chloroplast envelope (gen), and chloroplast stroma (gst). The cell wall, cytosol 

and stromal conductances are given by a general equation:  

𝑔i =
𝑟f,i · 𝐷w · 𝑝i

∆𝐿i
          (5) 

where gi (m s-1) is either gcw, gct or gst, ΔLi (m) is the diffusion path length and pi 

(m3 m-3) is the effective porosity in the given part of the diffusion pathway, Dw is 

the aqueous phase diffusion coefficient for CO2 (1.79·10-9 m2 s-1 at 25°C) and the 

dimensionless factor rf,i accounts for the decrease of diffusion conductance 

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 intraorganellal 

(thylakoids) heterogeneities (Niinemets & Reichstein 2003). Effective porosity, pi, 

was taken as 1 for gct and gst. Cell wall porosity (pcw) was taken as 0.028, as 

applied in Tomás et al. (2013) for species with species with Tcw>0.4 m. 

Conductance in units of m s-1 can be converted into molar units considering that  

g[mol m-2 s-1] = g[m s-1]44.6·[273.16/(273.16 + TL)(P/101.325)],  

where TL is the leaf temperature (ºC) and P (Pa) is the air pressure.  

Due to the difficulty to measure 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 s-1) 
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as previously done in other studies (Evans et al. 1994, Peguero-Pina et al. 2012, 

Tosens et al. 2012a, 2012b, Tomás et al. 2013). 

 

Analysis of quantitative limitations of AN and gm 

The relative limitations on AN were calculated following Grassi & Magnani 

(2005). This analysis quantifies the relative importance of stomatal, mesophyll 

conductance and biochemical limitations (the latter integrating both Rubisco and 

photochemistry/Calvin cycle, owing to the fact that photosynthesis usually 

operates at co-limitation between these two factors; see Gallé et al. 2009, and 

Varone et al. 2012, for further explanation). Relative limitations, that is, those 

imposed by limited stomatal (ls) or mesophyll conductance (lm), and reduced 

biochemical capacity (lb), were calculated as: 

𝑙s =

𝑔tot
𝑔s

 · 
𝛿𝐴N
𝛿𝐶c

𝑔tot+
𝛿𝐴N
𝛿𝐶c

          (6) 

𝑙m =

𝑔tot
𝑔m

 · 
𝛿𝐴N
𝛿𝐶c

𝑔tot+
𝛿𝐴N
𝛿𝐶c

          (7) 

𝑙b =
𝑔tot

𝑔tot+
𝛿𝐴N
𝛿𝐶c

          (8) 

where gs and gm_FLU are the stomatal and mesophyll conductances to CO2 and 

gtot is the total conductance (the sum of inversed serial conductances gm_FLU and 

gs). δAN/δCc is the slope of AN-Cc response curves over a Cc range of 50-100 

µmol mol-1. These three values sum 100% and characterize the extent to which 

any of the three limitations curbs photosynthesis at the given values of the other 

two. The contribution of different components of cellular resistance to cellular 

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 =
𝑔m_ANAT

𝑔i · 𝑆c/𝑆
          (9) 

 

where li is the limitation by the cell wall, the plasmalemma, cytosol, chloroplast 

envelope and stroma, and gi refers to the diffusion conductance of each 
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corresponding diffusion pathway. The limitation of each cellular component was 

scaled up with Sc/S. 

This analytical model served to test the potential effect on gm_ANAT of a 

hypothetical single anatomical trait exchange between species with contrasting 

leaf morphoanatomies. 

 

Statistical analysis 

Relationships among physiological and structural traits were explored by 

SPSS (SPSS, Chicago, IL, USA) and all statistical tests were considered 

significant at P < 0.05. Data for tracheophytes from the 44 datasets assembled 

by Ren et al. (2019) and Veromann-Jürgenson et al. (2017), Kuusk et al. (2018a, 

2018b) and Carriquí et al. (2019b) subsequent publications were used to 

compare the main physiological and structural traits of Thuja plicata with other 

species of gymnosperms and other vascular plants groups. Only data for young 

fully-expanded leaves were used for the comparisons. Presented data for the 

cellular dimensions of ferns and angiosperms were measured from existing 

micrographs from Carriquí et al. (2015). 

 

Results 

Thuja plicata averaged a net assimilation rate (AN) of 7.8 ± 0.6 mol m-2 s-

1 (mean ± SE), a stomatal conductance to CO2 (gs) of 0.058 ± 0.004 mol m-2 s-1, 

and a mesophyll conductance to CO2 estimated from fluorescence 

measurements (gm_FLU) of 0.067 ± 0.011 mol m-2 s-1, and a maximum 

carboxylation rate on a Cc basis (Vc,max) of 111 ± 9 mol m-2 s-1 (Table 1, Fig. S1). 

AN was photosynthetically co-limited by the mesophyll (lm = 43.5 ± 3.5 %) and 

stomatal limitations (ls = 38.7 ± 2.1 %), whereas biochemical limitation (lb) 

accounted for only 17.7 ± 2.6 %. Its particular leaf morphoanatomy (Table 2) 

conferred T. plicata a maximum mesophyll conductance modelled from 

anatomical traits (gm_ANAT) of 0.081 ± 0.012 mol m-2 s-1. This gm_ANAT was mainly 

constrained by liquid-phase limitations (79.2 %), among which the most important 

ones were those imposed by the cell wall (77.1 %) and chloroplast stroma (15.3 
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%), whereas plasma membrane, cytosol and chloroplast envelope limitations 

played a minor role (Fig. S2). 

T. plicata presented the highest leaf thickness (Tleaf) values- followed by 

Taxus baccata with a Tleaf of 687 m- among the reported gymnosperms (Fig. 

1A). Moreover, with a chloroplast surface area exposed to intercellular airspace 

per unit of projected leaf area (Sc/S) of 34.0 ± 6.5 m2 m-2 (Table 2), behaved as 

an outlier of the hyperbolic function described by gymnosperms for the 

relationship AN-Sc/S (Fig. 1B; r2 = 0.64, P < 0.01) and the linear function for the 

relationship gm_FLU-Sc/S (Fig. 1C; r2 = 0.64, P < 0.0001). For a given AN and 

gm_FLU, T. plicata had a significantly higher Sc/S. T. plicata presented a cell wall 

thickness (Tcw) with no differences between mesophyll tissue types (data not 

shown) and slightly higher than the average Tcw value for gymnosperms (0.556 ± 

0.08 m). Thus, T. plicata remains within the pool of gymnosperm species in the 

relation AN-Tcw (Fig. 1D) but being outlier (together with Picea abies) of the 

exponential decay function described by gymnosperms in the gm_FLU-Tcw relation 

(Fig. 1E; r2 = 0.55, P < 0.0005). T. plicata was a clear outlier of the general 

relationship between Sc/S and Tcw followed by gymnosperms (Fig. 1F; r2 = 0.35, 

P < 0.005). When expanding the comparison to other groups within 

tracheophytes (angiosperms, ferns and lycophytes), T. plicata was the species 

with the highest Sc/S, just closely followed by another gymnosperm, Abies 

pinsapo (32.3 m2 m-2). Apart from these two species, only in the crop Oryza sativa 

and the evergreen angiosperm tree Castanopsis sieboldii Sc/S > 25 m2 m-2 values 

were reported (Fig. 2A-B). Again, T. plicata behaved as an outlier of the AN-Sc/S 

and gm-Sc/S correlations (Fig. 2A-B; r2 = 0.18, P < 0.0001 and r2 = 0.23, P < 

0.0001, respectively), and was fitted into the exponential decay functions 

described in AN-Tcw and gm-Tcw, being within the 10% of tracheophyte species 

with thicker Tcw (Fig. 2C-D; r2 = 0.35, P < 0.0001 and r2 = 0.26, P < 0.0001, 

respectively). 

When examining the relative position of T. plicata morphoanatomical traits 

in relation to other fern, gymnosperm and angiosperm species, T. plicata stood 

out for having the largest leaf thickness (Tleaf; Fig. 3A). Moreover, T. plicata had 

the lowest leaf density (Dleaf) among the species with high LMA (i.e. above 100 g 
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m-2; Fig. 3B). T. plicata did not differ from the rest of tracheophytes in its fraction 

of mesophyll occupied by intercellular airspaces (fias) or Tcw (Fig. 3C-D). 

When comparing LMA and Sc/S, whereas no correlation was found for 

gymnosperm species, a positive linear function emerged for ferns and 

angiosperms (Fig. 3E; r2 = 0.31; P < 0.05). In this case, T. plicata, being an outlier 

for gymnosperms, instead tends to fit in the positive correlation found for the fern 

and angiosperm species for which also data on cell dimensions were available 

(Fig. 3E). In order to elucidate the anatomical reasons for that high Sc/S, relations 

between Tleaf, the percentage of mesophyll occupied by each mesophyll type 

fraction, and the cell diameter and length dimensions for both palisade and 

spongy mesophyll cells were evaluated in relation to other species available from 

literature, including gymnosperms, ferns and angiosperms. T. plicata, in addition 

to have the thickest leaves among the considered species (Fig. 4A), also showed 

a high percentage of mesophyll thickness occupied by spongy tissue (75.7%; Fig. 

4B). Moreover, T. plicata had the biggest cell dimensions among the species for 

which Sm/S and Sc/S were also available for palisade cells (Fig. 4C), but 

especially for spongy cells, being spongy cells a 38% longer and a 54% wider 

than in Alisma plantago-aquatica, the second ranking species for large spongy 

cells (Fig. 4D). 

Analytical models based on leaf anatomy revealed that exchanging a 

single key anatomical trait between T. plicata and the fern Pteris vitatta and the 

angiosperm Phlomis italica, the first with similar gm_FLU  (0.059 mol m-2 s-1) and 

the second with the same Sc/S as P. vitatta (ca. 9.0-9.3 m2 m-2) but with a 2.1-

fold higher gm_FLU than T. plicata, would have strong consequences on the total 

mesophyll resistance. As the three species had strongly diverging leaf thickness 

(Fig. 5), we improved the estimation of the gas-phase limitation by accounting for 

the tortuosity factor and the path lengthening in the intercellular air space 

following the approach recommended by Earles et al. (2018). Hypothetical 

changes in leaf thickness had no significant effect on gm_ANAT for none of the 

species, even considering the improvements of the analytical model suggested 

by Earles et al. (2018). Conversely, changes in cell wall thickness would impose 

a significant boost to gm_ANAT in T. plicata, placing the species close to the position 
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of Abies pinsapo (Fig. 1A-D, 6A,B), and a significant decrease for P. italica’s 

gm_ANAT, that would be reduced to only a fifth part with Thuja’s Tcw (Fig. 6C). 

However, the most relevant effect in gm_ANAT would be the imposed by the 

hypothetical Sc/S of T. plicata in P. vitatta, from real 0.050  0.002 mol m-2 s-1 to 

0.166  0.001 mol m-2 s-1 (Fig. 6D), but especially in the case of P. italica, from 

real gm_ANAT of 0.143  0.008 mmol m-2 s-1 to 0.495  0.029 mmol m-2 s-1 (6C), 

close to the high-photosynthetic yield crops (Fig. 2B). 

Discussion 

Thuja plicata is an outlier of the previously described gas exchange-leaf 

anatomy relationships 

Thuja plicata, a gymnosperm with very long-lived leaves (average leaf 

longevity of 8.9  0.2 years, Harlow et al. 2005), was found to present the largest 

chloroplast surface area exposed to intercellular airspace per unit of projected 

leaf area (Sc/S) ever reported in plants. This was associated to having the largest 

cell dimensions for both palisade and spongy tissues among all the plants in 

which Sm/S and Sc/S values were also available- although still within the cell 

dimensions range reported for C3 plants, and lower than in most CAM plants 

(Nelson et al., 2005, Earles et al., 2018). C3 plants with higher gm tend towards 

greater number of smaller cells per leaf area, since this theoretically increases 

the mesophyll surface area exposed to the intercellular airspace per unit of 

projected leaf area (Sm/S; Maxwell et al. 1997, Griffiths et al. 2008). If the 

chloroplast number remains similar in mesophyll cells (Terashima et al. 2006), a 

greater Sm/S directly implies a higher Sc/S (Ren et al. 2019). Thus, higher Sc/S 

increases the CO2 fixation capacity through creating more parallel and shorter 

pathways for CO2 liquid-phase diffusion (Nobel 1991). However, we found that T. 

plicata achieves the highest ever reported Sc/S using a different strategy. T. 

plicata increased its Sm/S (and therefore Sc/S) by developing thick (Fig. 3A) but 

not dense leaves (Fig. 3B). This resulted in the quasi-alignment of T. plicata with 

angiosperm and ferns linear function for the LMA-Sc/S relationship. (Fig. 3E). 

Contrarily what has been previously reported (Terashima et al. 2011, He et al. 

2017 Lehmeier et al. 2017, Ren et al. 2019), T. plicata presented extremely high 

Sc/S while presenting big (instead of smaller and/or lobed) cells (Fig. 4A-D). 
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Specially in the case of spongy mesophyll, that represented close to 70% of total 

mesophyll fraction (Fig. 4B), cells were strongly higher when compared to the 

angiosperm and fern species for which Sm/S and Sc/S values were also available 

(Fig. 4D). Lehmeier et al. (2017) demonstrated in Arabidopsis mutants that 

mesophyll cell proliferation can be either promoted or repressed to modify cell 

density and airspace patterning. That is, affecting gias (both tortuosity, path 

lengthening and intercellular air spaces connectivity), as claimed by Earles et al. 

(2018) but also allowing for an increase in Sm/S, and therefore in Sc/S. Increasing 

the fraction of spongy mesophyll tissue allows T. plicata to build a very large 

(>30%) fraction of intercellular air spaces. Consequently, while quantitative 

limitation analysis revealed that the mesophyll gas-phase limitation to CO2 

diffusion surprisingly just accounted for less than 1% of the total limitation in 

gymnosperms (Veromann-Jürgenson et al. 2017), in T. plicata gas-phase 

limitations accounted for up 20.8 %. Figure 7 illustrates in a conceptual 

comparison how the vast majority of leaves and thick flat leaves following the 

strategy of Thuja plicata would differently achieve high Sc/S. Leaves with 

relatively low Sc/S often present few cell layers of a given size (Fig. 7A). Leaves 

reported up to now with large Sc/S essentially present a larger number of smaller 

cells, thus increasing Sm/S and Sc/S at the expense of reducing fias (Fig. 7B). 

Instead, Thuja plicata achieves the highest ever reported Sc/S by increasing leaf 

thickness as well as mesophyll cell size, which is achieved by differentially 

increasing the fraction of spongy tissue, thus also incrementing fias (Fig. 7C). 

Besides these peculiarities, T. plicata still showed other anatomical traits 

common to gymnosperms, such as very large Tleaf and Tcw (Fig. 1A,D; Peguero-

Pina et al. 2012,Veromann-Jürgenson et al. 2017, Kuusk et al. 2018a). These 

particular anatomical arrangements resulted in breaking the commonly-observed 

negative relationship between Sc/S and Tcw for vascular plants (Syvertsen et al. 

1995, Onoda et al. 2017, Xiong et al. 2017, Ren et al. 2019; see also Fig. 1F). 

With its particular traits, T. plicata behaves as a clear outlier of the strong 

relationships found between physiological and anatomical traits in both 

gymnosperms and spermatophytes, revealing the possibility to build leaves with 

strong structural and defensive properties (through high Tleaf and Tcw) while 

maintaining or increasing mesophyll conductance (by increasing Sc/S). 
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Large Sc/S in Thuja plicata partially compensates low photosynthesis 

imposed by very large Tleaf and Tcw 

Peguero-Pina et al. (2012) argued that large assimilation rates found in 

Abies pinsapo might be aided by a more densely packed mesophyll per unit leaf 

area (Niinemets et al. 2009). However, as shown in Fig. 1, large photosynthesis 

and gm in A. pinsapo are perhaps more related to a high Sc/S (Fig. 1B, C) coupled 

with a low Tcw (Fig. 1D, E). This species thus follows the general rule, in which 

species with large Sc/S also tend to present low Tcw, which results in large 

photosynthesis. T. plicata had an even larger Sc/S than A. pinsapo, but its gm and 

photosynthesis rates were lower. While very large Tleaf and Tcw may be necessary 

for this species to achieve its large leaf life-span (Harlow et al. 2005) as well as 

defence against biotic and abiotic stresses (Wright et al. 2004), they have a 

penalty on gm and photosynthesis. Thus, we hypothesize that the very large Sc/S 

exhibited by this species is a strategy to partially compensate the negative effects 

of its anatomy on photosynthesis, which could compromise the plant’s carbon 

balance.  

Consistently, based on the regression shown in Fig. 1E for the other 

gymnosperm species, the Tcw displayed by T. plicata should have resulted in a 

gm of 0.030 mol m-2 s-1. Considering the gs and Vc,max displayed by this species, 

this would have resulted in a net CO2 assimilation of only 5.0 mol m-2 s-1, instead 

of the actually exhibited (7.8 ± 0.6 mol m-2 s-1). As mesophyll conductance 

limitation is the largest in this species (43.5 ± 3.5 %), and Sc/S and Tcw are the 

most limiting anatomical constraints to gm, it is expected that these two traits will 

have the largest influence on setting the observed values of photosynthesis. 

Because Sc/S positively affects gm and photosynthesis, and Tcw negatively affects 

them, we have plotted the relationship between An and gm and the ratio Sc/S / Tcw 

(Fig. 8). Positive linear relationships emerge between both parameters and this 

ratio, T. plicata falling well within them, further confirming that increased Sc/S 

compensates large Tcw, so that the same photosynthesis is achieved as in other 

species for a given value of their ratio. 
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Therefore, we conclude that the large Sc/S in T. plicata partially 

compensates for the negative effects on photosynthesis of its very large Tleaf and 

Tcw. This effect was recently observed in Quercus species, which increase gm and 

off-set the constraints imposed by high LMA by increasing Sc/S, although only the 

5-15 m2 m-2 range (Peguero-Pina et al. 2017). 

 

 

Concluding remarks 

We describe for the first time a species, the conifer Thuja plicata, which 

shows simultaneously large leaf thickness, cell wall thickness, and Sc/S, the latter 

being the largest value ever reported for any species. In addition, high Sc/S in this 

species is achieved by anatomical arrangements very different to those exhibited 

by other species with high Sc/S, which include a large fraction of spongy tissue 

and very large cell dimensions. Increased Sc/S partially compensates for the 

negative effects of large Tleaf and Tcw on mesophyll conductance and 

photosynthesis, thus probably allowing T. plicata to present a large leaf life-span 

while keeping a positive leaf carbon balance. These results imply that it may be 

possible to break the often-observed negative relationship between Sc/S and Tcw, 

which could open a way to improve photosynthesis and/or to develop plants with 

simultaneous investments in leaf supporting, defensive structures and 

photosynthesis. Modelling shows that inducing Sc/S values as large as those of 

T. plicata could result in very large gm and photosynthesis in other species. 
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Tables 

Table 1. Photosynthetic characteristics for Thuja plicata. Average value ± SE of 

seven replicates are shown for net assimilation (AN), stomatal (gs) and mesophyll 

conductance to CO2 (gm), sub-stomatal CO2 concentration (Ci), chloroplastic CO2 

concentration (Cc), maximum carboxylation rate on a Cc basis (Vc,max), electron 

transport rate (Jmax) and dark respiration rate (Rd). 

Table 2. Morphoanatomical characteristics for Thuja plicata. Average value ± SE 

of five replicates are shown for dry leaf mass per unit area (LMA), leaf density 

(Dleaf), leaf thickness (Tleaf), mesophyll thickness (Tmes), fraction of the mesophyll 

tissue occupied by intercellular air spaces (fias), mesophyll surface area exposed 

to intercellular air spaces per unit of projected leaf area (Sm/S), chloroplast 

surface area exposed to intercellular air spaces per unit of projected leaf area 

(Sc/S), the ratio Sc/Sm, chloroplast thickness (Tchl), chloroplast length (Lchl), 

mesophyll cell wall thickness (Tcw), cytoplasm thickness (Tcyt), and mesophyll 

conductance modelled from anatomical characteristics (gm_anat). 
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Figure legends 

Figure 1. Thuja plicata’s position in relation to the other gymnosperm species for 

the main physiology-leaf anatomy correlations. (A) The influence of leaf thickness 

(Tleaf) on net assimilation (AN). The influence of chloroplast surface area exposed 

to intercellular airspaces per unit of projected leaf area (Sc/S) on (B) AN, and (C) 

mesophyll conductance (gm). The influence of cell wall thickness (Tcw) on (D) AN 

and (E) gm. (F) Sc/S in relation to Tcw (axes are Log10-scaled). Data are average 

values from this study and from Peguero-Pina et al. (2012, 2016), Veromann-

Jürgenson et al. (2017) and young fully-expanded needles of Pinus spp. from 

Kuusk et al. (2018a, 2018b). Open circles: Thuja plicata. Closed circles: other 

gymnosperms. 

Figure 2. Thuja plicata’s position in relation to the other vascular plant species 

for the main physiology-leaf anatomy correlations. The influence of chloroplast 

surface area exposed to intercellular airspaces per unit of projected leaf area 

(Sc/S) on (A) net assimilation (AN) and (B) mesophyll conductance (gm). The 

influence of cell wall thickness (Tcw) on (C) AN and (D) gm. Data are average 

values from this study and from Veromann-Jürgenson et al. (2017), young fully-

expanded needles of Pinus spp. from Kuusk et al. (2018a, 2018b), Carriquí et al. 

(2019b) and Ren et al. (2019).  

Figure 3. Leaf dry mass per area (LMA) in relation to (A) leaf thickness (Tleaf), (B) 

leaf density (Dleaf), (C) fraction of mesophyll occupied by intercellular air spaces 

(fias), (D) cell wall thickness (Tcw), and (E) chloroplast surface area exposed to 

intercellular air spaces per unit of projected leaf area (Sc/S) for different lycophyte, 

fern, gymnosperm and angiosperm species. Data are average values from this 

study and from Tosens et al. (2012b), Peguero-Pina et al. (2012, 2016), Carriquí 

et al. (2015), Veromann-Jürgenson et al. (2017) and young fully-expanded 

needles of Pinus spp. from Kuusk et al. (2018a). 

Figure 4. Leaf thickness (Tleaf) in relation to (A) chloroplast surface area exposed 

to intercellular air spaces per unit of projected leaf area (Sc/S), and (B) fraction of 

the mesophyll thickness occupied by spongy mesophyll tissue (Tspo/Tmes). Cell 

diameter in relation to cell length for (C) palisade and (D) spongy mesophyll cells. 
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Data are average values from this study and from Carriquí et al. (2015), 

Veromann-Jürgenson et al. (2017) and young fully-expanded needles of Pinus 

spp. from Kuusk et al. (2018a). 

Figure 5. Representative micrographs of leaf cross-sections and mesophyll cell 

walls of Phlomis italica, Thuja plicata and Pteris vitatta. Micrographs of P. italica 

and P. vitatta are from the study reported in Carriquí et al. (2015). 

Figure 6. Mesophyll conductance modelled from anatomical traits (gm_anat) for (A, 

B) the gymnosperm Thuja plicata considering own and Phlomis italica’s and 

Pteris vitatta’s traits, respectively, and (C, D) the angiosperm Phlomis italica and 

the fern Pteris vitatta, considering the traits of their own species and T.plicata’s 

traits. In each case, dot plots combined with box plots are shown for gm_ANAT 

modelled considering (1) the own traits from the species, or considering either (2) 

cell wall thickness (Tcw), (3) chloroplast surface area exposed to intercellular air 

space per unit of projected leaf area (Sc/S) or (4) leaf thickness (Tleaf) from 

another species. 

Figure 7. Schematic representation of the different leaf structures leading to high 

chloroplast exposure. From a ‘regular’ leaf with average Sc/S (A), an increase of 

Sm/S keeping a constant chloroplast number per cell leads to high Sc/S, with more 

packed cells and low fias (B). On the other hand, Thuja plicata (C) is able to 

achieve extremely high Sc/S through increased leaf thickness and cell size, thus 

disposing a high number of chloroplasts through the leaf profile. 

Figure 8. The influence of the ratio chloroplast surface area exposed to 

intercellular air spaces per unit of projected leaf area (Sc/S) – cell wall thickness 

(Tcw) on (A) net assimilation (AN), and (B) mesophyll conductance (gm). Data are 

average values from this study and from Veromann-Jürgenson et al. (2017), 

young fully-expanded needles of Pinus spp. from Kuusk et al. (2018a, 2018b), 

Carriquí et al. (2019b) and Ren et al. (2019). 
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Table 1 

  Thuja plicata 

AN (µmol m-2 s-1) 7.83 ± 0.59 

gs (mol m-2 s-1) 0.058 ± 0.004 

gm_flu (mol m-2 s-1) 0.067 ± 0.011 

Ci (µmol mol-1 air) 246 ± 9 

Cc (µmol mol-1 air) 112 ± 8 

Vc,max (µmol m-2 s-1) 111 ± 9 

Jmax (µmol m-2 s-1) 172 ± 8 

Rd (µmol m-2 s-1) -1.76 ± 0.24 

 

 

Table 2 

  Thuja plicata 

LMA (g m-2) 201 ± 4 

Dleaf (g cm-3) 0.272 ± 0.030 

Tleaf (µm) 767 ± 72 

Tmes (µm) 685 ± 75 

fias (%) 30.7 ± 1.8 

Sm/S (m2 m-2) 48.5 ± 9.3 

Sc/S (m2 m-2) 34.0 ± 6.5 

Sc/Sm 0.70 ± 0.03 

Tchl (µm) 2.53 ± 0.12 

Lchl (µm) 5.17 ± 0.24 

Tcw (µm) 0.602 ± 0.048 

Tcyt (µm) 0.311 ± 0.016 

gm_anat (mol m-2 s-1)  0.078 ± 0.011 

 

 

 



 

 

204 
 

 

 

Figure 1 

 

 



 

 

205 
 

 

Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Supporting information 

 

Figure S1. Response of net assimilation (AN) to (A) photosynthetic photon flux 

density (PPFD), (B) sub-stomatal CO2 concentration (Ci), and (c) chloroplastic 

CO2 concentration (Cc). Values are averages ± SE of six replicates for PPFD 

response curves and of seven replicates for Ci and Cc response curves. 
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Figure S2. Limitation of mesophyll conductance (gm) due to anatomical 

constraints in Thuja plicata. (A) Share of the overall gm limitation by gas and liquid 

phase and (B) the liquid-phase limitation among its components: cell wall, plasma 

membrane, cytosol, chloroplast envelope and stroma. Data are average values 

± SE for five replicates. 



 

 

214 
 

  



 

 

215 
 

Chapter 5. Cell wall properties impact on CO2 
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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 cell wall effective porosity to CO2 diffusion (i.e. the ratio 

between tortuosity and actual porosity, the other two cell wall biophysical diffusion 

properties). The aim of this study was to gain further insight into the potential 

relationships between cell wall composition and cell wall thickness (Tcw) and gm. 

Because they present the thickest but strongly variable cell walls within 

spermatophytes, gymnosperms constitute an interesting group to deepen on 

these relationships. We characterized the foliar gas exchange, the main 

morphoanatomical traits related with gm, the leaf fraction constituted by cell walls 

and three main components of cell walls (hemicelluloses, cellulose and pectins) 

in seven conifer species. We found that, although the relatively low gm of conifers 

was mainly determined by their elevated Tcw, their fine-scale gm determination 

was mainly driven by cell wall composition, which presumably sets the final 

effective porosity to CO2 diffusion. However, this had no direct effect on 

photosynthesis rate, since it was not limited by gm in the studied species. The 

data presented here demonstrate: (a) a positive impact of the fraction of pectin 

on gm and (b) there might be no direct relationship between cell wall thickness 

and effective porosity. 

 

Significance statement 

Cell walls impose a relevant and increasing resistance to CO2 diffusion, 

constraining photosynthetic capacity, with increasing wall thickness. However, 

the effect of cell wall composition on mesophyll conductance is poorly 

understood. This study reveals strong effect of the relative cell wall content in 

cellulose, hemicelluloses and pectins on mesophyll conductance, extending the 

knowledge of the mechanistic basics of internal CO2 diffusion resistance. 
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Introduction 

Mesophyll conductance (gm), one of the three main limitations (together 

with stomatal conductance and the biochemical capacity to fix CO2 into sugars) 

to net assimilation (AN), drives the decrease in CO2 concentration from the 

substomatal cavity (Ci) to the chloroplast (Cc). CO2 molecules must diffuse 

through a gas-phase resistance, the intercellular air space path from the 

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

composed by the different cellular structures that separate the cell wall surface 

from the carboxylation site into the stroma (e.g. 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 different traits) and biochemical determinants - mainly ascribed 

to aquaporins in cell membranes and carbonic anhydrases in the cytosol and 

chloroplasts. The structural determinants, which set a maximum gm, can be 

adjusted in response to specific environmental conditions (Tholen et al. 2008, 

Morales et al. 2014, Momayyezi et al. 2017, among others) or during leaf 

ontogeny (Miyazawa & Terashima 2001, Tosens et al. 2012a), although not in 

the seconds to minutes range (Carriquí et al. 2019a), opposite to the biochemical 

determinants (Bernacchi et al. 2001, Yamori et al. 2014). In addition, anatomical 

and biochemical determinants can present a wide range of variation, partially 

explaining the differences in the photosynthetic capacity between species or even 

genotypes (Carriquí et al. 2015, Tosens et al. 2016, Muir et al. 2014, Veromann-

Jürgenson et al. 2017, Peguero-Pina et al. 2017, Carriquí et al. 2019b). However, 

there are still big uncertainties regarding the biophysical diffusion properties of 

the different components of the diffusion pathway. Such uncertainties especially 

affect mesophyll cell walls, a key component of the CO2 pathway determining gm 

in many species (Terashima et al. 2011, Tosens et al. 2016, Veromann-

Jürgenson et al. 2017, Ellsworth et al. 2018, Carriquí et al. 2019b). 

Cell wall resistance to CO2 diffusion depends on three wall properties: 

thickness, tortuosity and porosity. Cell wall thickness can be easily measured 

using transmission electron microscope images. For this reason, it has been 

determined, together with gm, in more than 130 species across all land plant 
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groups under optimum growth conditions (Veromann-Jürgenson et al. 2017, 

Carriquí et al. 2019b, Ren et al. 2019), revealing the existence of a strong 

exponential decay of gm as Tcw increases (Onoda et al. 2017, Ren et al. 2019). 

Below 0.4 m thick cell walls gm ranges from 0.03 to 0.76 mol m-2 s-1. Instead, 

when Tcw > 0.4 m none of the reported correspondent gm values exceeded 0.12 

mol m-2 s-1 (Carriquí et al. submitted). Thus, while in the 0.1-0.4 m range a small 

increase in Tcw has a significant negative effect on gm, above 0.4 m thick cell 

walls gm values are always low, but not necessarily increasingly lower as the Tcw 

increases. This suggests that spermatophyte species with thicker mesophyll cell 

walls would have to modify alternative anatomical traits, including their effective 

porosity (=tortuosity/porosity) for a given Tcw, in comparison to species with 

thinner cell walls (but still >0.4 m) to reach similar gm values. However, due to 

methodological limitations, there is little information available on the effective 

porosity of cell walls in land plants. Although there are no direct measurements 

of the cell wall effective porosity to CO2 diffusion, several authors have tried to 

calculate what its approximate value would be. Nobel (1999) first postulated, 

based only on physicochemical estimations, that effective porosity would be 

around 0.3 m3 m-3, which implies that cell wall conductance is large enough to do 

not constrain AN. Then, Terashima et al. (2006), based on the variability of gm 

between species for a given Sc/S, proposed that the cell wall effective porosity 

value is around 0.1 or lower, implying that cell wall conductance would be a key 

determinant of gm. Terashima et al. (2006) also noted, based on previous studies 

of water cell wall permeabilities on algae species with >10 m thick cell walls, 

that effective porosity might be inversely proportional to the thickness of the cell 

walls. Later, Evans et al. (2009) suggested that effective porosity value could be 

0.07 m thick based on a simple model on the CO2 pathway through pores from 

onion cell wall images from McCann et al. (1990). From then on, due to lack of 

accurate measurements of wall resistance to CO2 diffusion, several authors have 

been using these published effective porosity values in analytical models based 

on anatomical traits to estimate gm. While some authors considered a constant 

effective porosity, some others adjusted it to be correlated with cell wall thickness 

following either a linear or an exponential decay function (Tosens et al. 2012a,b, 

2016, Tomás et al. 2013, 2014, Peguero-Pina et al. 2012, Carriquí et al. 2015, 
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Xiao & Zhu 2017, Veromann-Jürgenson et al. 2017). Nevertheless, such 

approaches based solely on assumptions can easily lead to an under- or 

overestimation of the cell wall role on AN.  

Cell wall composition remains an almost unexplored factor that could affect 

gm through its effects on porosity and tortuosity. Primary plant cell walls are 

composed of a relatively small number of basic components: microfibrils of 

cellulose and a matrix of hemicelluloses, pectins and structural proteins 

(Cosgrove 2005; Sarkar et al. 2009, Cosgrove and Jarvis 2012). The structure, 

organization and interactions of microfibrils with the glycan matrix form a tangled 

web resulting in nanometric and micrometric pores that regulate the exchange of 

macromolecules, water and gas (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) and is constantly remodelled and 

reconstructed (Sarkar et al. 2009). The result is an intricate pathway of greater or 

lesser difficulty according the size to that of the pore of each component. CO2 

molecules can cross cell walls because they are several times smaller than pore 

breadth (Carpita et al. 1979, Read and Bacic 1996, Evans et al. 2009). Although 

cell wall porosity in high plants is known to be regulated by cell wall composition, 

especially by pectins in the primary cell walls (Baron-Epel et al. 1988, Fleischer 

et al. 1999, Rondeau-Mouro et al. 2008), little information is available for its direct 

effect on CO2 diffusion. Recently, Weraduwage et al. (2016) reported that the 

manipulation of the pectin methylesterification level, which modulates cell wall 

plasticity and plant growth, affected the relationship between photosynthesis and 

plant growth. However, while this effect could be explained potentially by changes 

in the cell wall properties affecting CO2 diffusion, gm and Tcw were not determined 

in this study. Another indirect evidence may be found in Gago et al. (2016), where 

a significant correlation was found between some soluble sugars (mainly Gal, 

arabinose and raffinose) and gm. Gago et al. (2016) suggested that this 

correlation was given by the use of these sugars to the synthesis and 

maintenance of cell walls. Moreover, Ellsworth et al. (2018) deduced that cell wall 

effective porosity has a relevant effect on gm from the differences in physiology 

and leaf anatomy observed in rice mutants lacking mixed-linkage glucan. Based 

on these indirect evidences, we hypothesize that cell wall composition and the 
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ratios between the main cell wall components, particularly the pectin relative 

content, could have a significant role on wall conductance to CO2. To test this 

hypothesis, we selected a group of gymnosperm species only, because most of 

them have Tcw > 0.4 m and present high interspecific Tcw variability (Peguero-

Pina et al. 2012, Veromann-Jürgenson et al. 2017, Kuusk et al. 2018), and to 

avoid extra difficulties in the results interpretation due to differences in the cell 

wall components observed between more distant plant groups (Sarkar et al. 

2009). 

In this study we present a photosynthetic, morphoanatomical and cell wall 

composition characterization for seven gymnosperm species. The aims of the 

study are: (1) to demonstrate the important role of CO2 diffusion in the 

photosynthesis limitation in gymnosperms; (2) to confirm that cell wall thickness 

and chloroplast surface area exposed to the intercellular air spaces are the 

strongest sources of mesophyll conductance limitation in gymnosperms; and (3) 

to analyse the implication of cell wall composition in setting the cell wall thickness 

and effective porosity, photosynthetic capacity and mesophyll conductance within 

the studied species. 

 

Results 

Photosynthetic capacity and its physiological constraints 

Conifers sampled here exhibited a narrow range of variation in their 

physiological performance (Table S1). Net assimilation (AN) ranged 2-fold from 

4.3 ± 0.3 mol m-2 s-1 in Chamaecyparis obtusa to 9.2 ± 0.4 mol m-2 s-1 in Taxus 

baccata, meanwhile stomatal and mesophyll conductance estimated from 

chlorophyll fluorescence (gs and gm_FLU, respectively) varied only about 2- and 3-

fold, respectively. gs ranged from 0.033 ± 0.004 in C. obtusa to 0.095 ± 0.013 mol 

m-2 s-1 in Sequoiadendron giganteum, whereas gm_FLU varied from 0.047 ± 0.015 

in Juniperus oxycedrus to 0.104 ± 0.025 mol m-2 s-1 in T. baccata. AN was linearly 

correlated with gs (r2 = 0.69, P < 0.0001) and gm_FLU (r2 = 0.28, P < 0.05) across 

all species, considering also the gymnosperm species reported by Veromann-

Jürgenson et al. (2017; Fig. 1A,B). The quantitative limitation analysis revealed 
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that none of the three limitations (stomatal, mesophyll conductance and 

biochemistry) was found to be significantly higher than the other two when pooling 

all species together (Fig. 2). However, diffusive limitations (the sum of stomatal 

and mesophyll conductance limitation) were the main factors constraining AN 

(from 56 to 68%). 

 

Morphoanatomical determinants of mesophyll conductance 

Leaf morphological and anatomical traits potentially involved in setting AN 

and gm were found to be diverse in our species sample (Table S2 and S3) but 

generally within the previously reported range for gymnosperms (Fig. S1). High 

leaf dry mass per unit area (LMA) but also high leaf thickness (Tleaf) values lead 

to a leaf density (Dleaf) ranging only from 0.26 to 0.46 g cm-3 (Fig. S1A,B). LMA 

was not related to variation in cell wall thickness (Tcw; Fig. 1C) nor mesophyll and 

chloroplast surface area exposed to intercellular air space per leaf area (Sm/S 

and Sc/S, respectively), either considering species from this study only, nor 

considering also species from Veromann-Jürgenson et al. (2017; Fig. 1D).  

Contrarily to LMA, significant correlations were found between gm_FLU and 

the anatomical traits Sc/S and Tcw (Fig. 3). A significant positive logarithmic 

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

considering both species from this study and species measured in Veromann-

Jürgenson et al. (2017; Fig. 3A), being Sc/S average values from this study 

generally higher than those of Veromann-Jürgenson et al. (2017) species. 

Regarding to the relationship between gm_FLU and Tcw (Fig. 3B), no correlation 

was found when considering all conifer species, which were located in the 

horizontal region of the significant exponential decay regression obtained when 

considering data from all spermatophyte species compiled by Onoda et al. (2017; 

Fig. 3B inset). Instead, a significant positive linear regression (r2 = 0.59, P < 0.05) 

was found for species from the current study and, conversely, a significant 

negative linear regression (r2 = 0.38, P < 0.05) was found for species studied in 

Veromann-Jürgenson et al. (2017). Based on the structural limitation analysis of 

gm, the estimated gas phase limitation in the mesophyll was between 8.0 and 
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20.5%, being conifer’s gm mainly limited by liquid-phase components (Fig. 4A). 

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, being of 47.1 ± 4.6 %), 

meanwhile plasma membrane, cytoplasm and chloroplast envelope played a 

minor role (Fig. 4B).  

In order to model gm from anatomical characteristics (gm_ANAT), due to the 

lack of knowledge of the species-specific cell wall porosity, two scenarios were 

considered. On one side, a constant cell wall porosity of 0.028 m3 m-3 was 

considered as in Tomás et al. (2013) for all species with Tcw > 0.4 m. On the 

other side, a variable cell wall porosity was considered, estimated as the porosity 

allowing gm_ANAT to match gm_FLU in each species. Those pcw values ranged 

between 0.017 and 0.293 m3 m-3, and where not correlated with Tcw (Figs. 5A, B). 

As a result, obviously a 1:1 relationship was forced between gm_ANAT and gm_FLU 

as compared to the scattered relationship obtained when using a constant pcw = 

0.028 for all species (Fig. 6).  

 

Cell wall composition in relation to leaf morphoanatomy and physiology 

Cell wall weight per total leaf dry weight, considered as alcohol insoluble 

residues (AIR), as well as the AIR’s weight fraction of hemicelluloses (H), 

celluloses (C) and pectins (P), were determined for the seven conifer species 

(Table S4). AIR ranged from 0.425 ± 0.026 g g-1 in T. baccata to 0.870 ± 0.042 g 

g-1 in J. oxycedrus. Their hemicelluloses content ranged from 180 ± 7 mg g-1 AIR 

in T. cuspidata to 357 ± 35 mg g-1 AIR in P. glauca, meanwhile cellulose content 

ranged from 98 ± 9 mg g-1 AIR in T. baccata to 341 ± 9 mg g-1 AIR in J. oxycedrus, 

and pectins content ranged only from 48 ± 3 mg g-1 AIR in T. cuspidata to 65 ± 5 

mg g-1 AIR in S. giganteum.  

Neither AIR nor main cell wall components (considering them separately, 

the sum of the three, or the ratio (H+C)/P) were correlated with LMA (not shown). 

Instead, for Tcw, no correlation was found between AIR and Tcw (Fig. 7A). Non- or 
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marginally-significant (P < 0.1) relationships were found between hemicellulose, 

cellulose and pectin weight fraction of AIR with Tcw (Fig. 7B), although when those 

fractions were expressed on a leaf area basis highly significant negative linear 

correlations between hemicelluloses and pectins and Tcw were found (r2 = 0.69, 

P < 0.05; r2 = 0.65, P < 0.05; Fig. 7C). Then, potential relationships between cell 

wall content and composition and AN and gm_FLU were investigated. Neither AIR 

nor main cell wall components content, expressed on a mass or leaf area basis, 

were correlated with net photosynthesis (Figs. 8A-C). Conversely, AIR was 

negatively correlated with gm_FLU (r2 = 0.76, P < 0.01; Fig. 8D), as well as mass-

based hemicellulose (r2 = 0.61, P < 0.05) and cellulose fraction (r2 = 0.75, P < 

0.05; Fig. 8E), and area-based hemicellulose (r2 =0.90, P < 0.005) and cellulose 

fraction (r2 = 0.68, P < 0.05; Fig. 8F). No correlation in the P < 0.05 range between 

pectins weight fraction and gm_FLU was found (Figs. 8E, F). The most significant 

correlation between gm_FLU and main cell wall components was obtained when 

the ratio (H+C)/P was considered (r2 = 0.91, P < 0.01; Fig. 9). 

 

Discussion 

The present work provides the first correlative evidence for the relationship 

between leaf cell wall composition and mesophyll conductance to CO2 diffusion 

(gm). This comprehensive analysis in seven conifers revealed that cell wall 

composition, and more specifically the pectin relative content, have an influence 

on the mesophyll cell wall thickness and effective porosity (tortuosity/porosity), 

the two biophysical properties setting CO2 diffusion through the cell wall. 

Cell wall thickness (Tcw) is widely recognized as a key structural 

determinant of AN that correlates negatively with gm (Evans et al. 2009, Onoda et 

al. 2017, Ren et al. 2019). However, until recently, the shape of the relationship 

between AN or gm and Tcw resembled more a negative linear regression than the 

exponential decay regression that is now established. The reason is that the vast 

majority of studies including the determination of both physiological 

characteristics and mesophyll ultrastructural traits were performed in 

angiosperms, and more specifically in model plants and crops (Flexas et al. 2012, 
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2018). These species are characterized by possessing high photosynthetic 

capacity, which coincides with their low Tcw. With the emergence of 

comprehensive similar studies focused on other groups of terrestrial plants, such 

as gymnosperms (Peguero-Pina et al. 2012, Veromann-Jürgenson et al. 2017, 

Kuusk et al. 2018, Carriquí et al. submitted), ferns and fern allies (Carriquí et al. 

2015, Tosens et al. 2016) and bryophytes (Carriquí et al. 2019b) the range of 

mesophyll Tcw reported for terrestrial plants was considerably extended. The new 

shape for these relations confirms that although high Tcw sets a low limit for gm 

and thus AN, at a narrower rage higher Tcw does not necessarily implies lower AN 

and gm (Carriquí et al. 2019b, submitted). The present study represents a clear 

example of these new paradigm. The interspecific variation of Tcw in the seven 

conifers -which covered 60 % of the Tcw variation range reported for 

spermatophytes (from 0.372 to 1.033 m; Fig. 5A, Table S3; Veromann-

Jürgenson et al. 2017, Carriquí et al. 2019b, Ren et al. 2019)- correlated 

positively with gm (r2=0.59, P < 0.05), instead of the often reported negative 

correlation (Fig. 3B). These results might be explained by at least one of the 

following two possibilities: (a) the key participation of another gm determinant 

(structural or biochemical) in conifers which might compensate part of the extra 

resistance to CO2 diffusion imposed by having thicker Tcw, or (b) the existence of 

significant interspecific variability in the cell wall effective porosity to CO2 diffusion 

-the great unknown among the biophysical diffusion properties of the different 

components of the CO2 diffusion pathway-, which also might have this 

compensatory effect. 

In addition to its high Tcw, conifers are characterized for possessing 

extreme values for several structural and anatomical characteristics determining 

gm. In accordance with the finding of Veromann-Jürgenson et al. (2017), conifers 

presented elevated LMA values (ranging from 148 to 245 g m-2; Table S2) more 

related to leaf density (Dleaf) than to their (also elevated) leaf thickness (Tleaf; Fig. 

S1A,B). High values for these characteristics allow conifer leaves to 

accommodate more and/or larger cells, which has two opposing effects on the 

CO2 diffusion resistance. On the one hand, it implies lengthening the average 

distance that a CO2 molecule has to travel from the substomatal cavity to the cell 

wall surface. Intercellular airspace conductance (gias) has been generally 
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considered to be high. However, a recent study by Earles et al. (2018) 

demonstrated, by evaluating the 3D leaf intercellular airspace traits -tortuosity, 

lateral path lengthening and intercellular airspace connectivity-, that gias was 

significantly lower in the thick leaves with small mesophyll porosity (fias) of CAM 

species. In the present work we have considered the gias equation as reevaluated 

by Earles et al. (2018) in order to account for the different intercellular airspace 

traits in the thicked leaves of our seven conifers. Thus, the gas-phase limitation 

on gm (lias) ranged between 8.5 and 20.6% (Fig. 4A), being significantly higher 

than the <1% reported for gymnosperm species with the previous formulation 

(Veromann-Jürgenson et al. 2017). On the other hand, possessing more and/or 

bigger cells per projected leaf area directly implies a higher mesophyll surface 

area exposed to intercellular airspaces per projected leaf area (Sm/S) and, if the 

proportion of chloroplasts lined with cell walls remains proportional, also a higher 

chloroplast surface area exposed to intercellular airspaces per projected leaf area 

(Sc/S; Ren et al. 2019). Although it would be possible for conifers with thicker cell 

walls to achieve larger, instead of reduced gm than species with thinner Tcw, 

thanks to the compensatory effect of gias and Sc/S, the two other key anatomical 

characteristics (Fig. 4B), this is not fully supported by the data (Fig. 3, Table S2, 

S3) with the already reported exception of Thuja (Carriquí et al. submitted). No 

tight agreement was found between gm modelled from anatomical traits (gm_ANAT) 

and gm estimated from chlorophyll fluorescence (gm_FLU) when constant cell wall 

effective porosity (pcw) was considered for gm_ANAT modelling, the two Taxus 

species being particularly outliers (Fig. 6). In order to fit gm_ANAT and gm_FLU pcw 

should be variable between species and not proportionately higher the thickest 

Tcw, against what previously hypothesized. Thus, it seems that the other 

biophysical diffusion properties of the cell wall, tortuosity and porosity, might play 

an important role in fine-scale determination of gm in conifers. 

Cell wall properties are determined by the cell wall composition, the 

assembly, orientation and cross-linkage between wall components. Genetic 

systems induce alterations in these cell walls determinants in response to 

developmental and environmental signals, which has direct implications on leaf 

architecture (see Weraduwage et al. 2018 for a review) and in some cases even 

in the CO2 diffusion through the leaf mesophyll (Weraduwage et al. 2016, 2018, 
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Ellsworth et al. 2018). However, none of these studies have focused on 

determining the potential mechanisms regulating cell wall effective porosity (i.e. 

tortuosity/porosity) to CO2 diffusion. Here, we aimed to provide novel insight in 

the mechanistic basis of gm by the determination of cell wall composition in seven 

conifer species with a gm severely limited by mesophyll cell walls. Specifically, we 

analyzed the total leaf cell wall content and the relative proportion of the three 

major constituents of the plant cell wall: cellulose, hemicelluloses and pectins. 

Each of these components generally constitutes about 20-40% of the wall weight 

in angiosperms (Buchanan et al. 2000, Cosgrove 2005, Caffall and Mohnen 2009, 

Ochoa-Villareal et al. 2012, Tenhaken 2015), although this can vary significantly 

between species -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-

Villarreal et al. 2012). Lignins are the major cell wall component missing from the 

present analysis; they can account for 30-40% of AIR in conifers (Renault and 

Zwiazek 1997, Mediavilla et al. 2008); 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). In the case of the 

conifers studied here, an important interspecific variability in the relative content 

of  the measured cell wall constituents was found. The relative content in cellulose 

microfibrils and hemicellulose polymers was significantly higher than the relative 

content for pectins (18.0-35.7%, 9.8-34.1% and 4.8-6.5%, respectively; Table 

S4), contrasting with the around of 22% proportion of each cell wall component 

previously reported by Renault and Zwiazek (1997) in Picea glauca. Leaf cell wall 

content, expressed as alcohol insoluble residues (AIR), did not correlate with the 

structural parameters LMA, Dleaf (not shown) or Tcw (Fig. 7A); and the different 

components of the cell wall negatively correlated with Tcw when expressed on an 

area basis (7C), but not on their relative content (Fig. 7B). Net photosynthesis 

(AN) did not correlate with any cell wall component (Fig. 8A-C). Instead, tight 

correlations were found between leaf cell wall content and the different cell wall 

components -except for pectins-, and gm, both expressed as their relative content 

or concentration on an area basis (Fig. 8 D-F). Conifers with lower content of both 

cellulose and hemicelluloses presented higher gm and, as the pectin content 

remained relatively invariable, we found that a higher proportion of pectins in 
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respect to both cellulose and hemicelluloses lead to higher gm values (Fig. 9). 

These results express an unequivocal relationship between the cell wall 

composition and both gm and Tcw, but not with AN, likely because gm was not the 

dominant limiting factor of the photosynthetic capacity across the seven conifers 

(Figs. 1 and 2). Nonetheless, the mechanisms that explain the observed 

correlations are not so straightforward. There are at least two possible 

explanations. 

First, the cell wall content and composition results presented here 

represent the bulk composition of the leaf. As the mesophyll was not isolated from 

the rest of leaf tissues for the analyses, differences in the proportion of leaf 

tissues other than mesophyll (i.e. cuticle, epidermis, vessels or resin ducts) could 

be driving the main observed changes. Wall component molecules are combined 

in different ways in different cell types, resulting in contrasting mechanical 

properties within leaf tissues (Kitajima et al. 2012, Onoda et al. 2015). Thus, 

leaves with a smaller mesophyll proportion could present more cellulose due to 

a higher presence of support tissues and, in contrast, leaves with a bigger fraction 

of mesophyll could present a higher proportion of pectins, which are related to 

the cell wall porosity (Baron-Epel et al. 1988, Fleischer et al. 1999, Rondeau-

Mouro et al. 2008). Despite being an intriguing possibility, there are no clear 

studies reporting the differentiation of cell wall composition by leaf tissue (and, in 

addition, most cell wall composition studies in plants focus in organs other than 

leaves). Neither LMA, which partially scales with the fraction of support tissues in 

conifers (Kuusk et al. 2018), nor mesophyll thickness did correlate with the 

cellulose and hemicelluloses content (both Taxus species, those with the highest 

pectin content, presented intermediate LMA and mesophyll thickness values; 

Table S2, S3). The lack of correlation observed between Tcw and AIR (Fig. 7A) 

could be due to the presence of other cell wall components, such as fibers, which 

are strongly related with LMA (Onoda et al. 2012) or lignins, associated with 

secondary cell walls of the vascular tissue (Kitajima et al. 2016), potentially not 

affecting significantly the leaf content in hemicelluloses, cellulose and pectins. 

The other possibility implies the (cellulose+hemicellulose)/pectin ratio as a 

driver of cell wall effective porosity, being the gm greater as the lower this ratio is. 
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This possibility needs the not-so-straightforward assumption that cell wall 

composition is highly conserved across leaf tissues. Making this assumption, this 

makes a very intriguing possibility strongly supported by previous observations 

on the role of the biophysical macromolecule diffusion properties of the cell wall. 

Pectins have been reported to determine cell wall thickness, pore size, structure 

and consequent diffusion of macromolecules across the cell wall in dicots in a 

much more relevant way than the celluloses (Baron-Epel et al. 1988, Read and 

Bacic 1996, Fleischer et al. 1999), and there are more recent indirect evidences 

that support this hypothesis. For instance, Yang et al. (2010) suggested that 

observed reductions in the pectin relative content of roots apices during osmotic 

stress could be associated with cell wall changes reducing its porosity. In a similar 

way, McKenna et al. (2010) hypothesized that the reductions in hydraulic 

conductivity they observed after treating plants with metals was a result of 

conformational changes of the pectin relative content in the cell walls, which 

would be increasing the total cell wall tortuosity by modifying pore size. Direct 

evidences suggest that pectins regulate cell wall porosity and macromolecule 

diffusion by forming hydrated gels that push cellulose microfibrils, decreasing the 

distance between microfibrils entanglements due to a decrease in the pectin 

relative content (Whitney et al. 1999, Cosgrove 2005). These evidences support 

our hypothesis that under similar relative pectin content, higher relative cellulose 

content results in lower gm (i.e. microfibrils would be more tightly packed). Another 

indirect evidence suggesting that this could be valid in other plant groups is the 

fact that the relative pectin content is the highest in angiosperms (Buchanan et 

al. 2000, Cosgrove 2005, Caffall and Mohnen 2009, Ochoa-Villareal et al. 2012, 

Tenhaken 2015), the terrestrial plant group with the highest average gm (Flexas 

et al. 2018; Nadal and Flexas 2019), but the lowest in bryophytes (unpublished 

data), which represent the group with smaller gm (Carriquí et al. 2019b). 

Nevertheless, the regression between pcw fitted from the discrepancies between 

gm_ANAT and gm_FLU and the (hemicellulose+cellulose)/pectin ratio is not fully clear 

and therefore the observed effects might be a combined effect of converging 

factors related to changes in cell wall composition. Moreover, similar studies in 

groups other than conifers are needed to confirm this hypothesis, as there are 

important differences in the main cell wall components between land plant groups 
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(Sarkar et al. 2009, Popper et al. 2011), and grass species, while presenting 

reduced pectin content (Ochoa-Villarreal et al. 2012), they do present the highest 

gm values (Flexas et al. 2018). 

 

Conclusions 

The present study is the first to show correlative evidences for the effect 

of cell wall composition on mesophyll CO2 diffusion resistance. Due to their thick 

cell walls gymnosperms are in the low end of the mesophyll conductance range 

reported for spermatophytes, but differences in cell wall composition correlated 

with differences in gm within this range, likely reflecting an effect of composition 

on the cell wall’s effective porosity. Leaf cell wall content of cellulose, 

hemicelluloses and pectins significantly decreased, although with different slopes 

for each component, as the cell walls became thicker and the mesophyll 

conductance larger across this range of species. The ratio (hemicelluloses + 

cellulose)/pectins was negatively correlated with gm, suggesting an active but 

complex role of pectin relative content on the regulation of cell wall effective 

porosity. However, as photosynthesis was not mainly limited by gm, no 

correlations were found between cell wall components and ratios and AN. Finally, 

our findings challenge, at least for species with thick cell walls (>0.4 m), the 

common assumption of an inverse relationship between cell wall thickness and 

effective porosity. More studies are needed on the relationship between cell wall 

composition and high plants to: 1) specifically perform the cell wall components 

determination analysis on mesophyll tissue, in order to avoid the interference of 

cuticle, epidermal and vascular tissue; and 2) perform the analysis on different 

plant groups to confirm the existence of a general role of pectin proportion in 

setting cell wall effective porosity. 

 

Experimental procedures 

Plant material 
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Seven 40- to 60-cm tall plants of seven conifer species were bought from 

a nursery. Plants were transplanted into pots (15 L, 30 cm pot diameter) 

containing 75:25 mixture of horticultural substrate (peat) and pearlite 

(granulometry A13) and fertilised 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 three days to maintain optimum water status and 

vigour. Measurements were performed in April 2016, being environmental 

conditions of 9.0 ºC to 20.4 ºC mean min/max temperatures, 67.6 % mean relative 

humidity and 1515 mol m-2 s-1 mean daily photosynthetic active radiation (PAR) 

at noon. All measurements were performed on young fully expanded leaves to 

ensure mature leaf anatomy and to minimise 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 (IRGA) coupled with a 2 cm2 leaf fluorescence chamber (Li -6400-

40 leaf chamber fluorometer; Li-Cor, Inc.) All measurements were carried out 

between 10:00 and 17:00 h (Central European summer time). Block temperature 

was fixed at 25ºC, air flow rate between 150 to 200 µmol min-1 to ensure the 

reliability of the measurements and VPD kept between 1.5-2.0 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 s-1, 90:10 red:blue light). 

Once steady state conditions were achieved, typically after 30-40 minutes, 

complete light and CO2 response curves at 21% O2 and CO2 response curves at 

2% O2 were performed in a 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 s-1. CO2 response curves were measured at PPFD 1500 

µmol m-2 s-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 
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order in which curves were performed did not affect the responses (data not 

shown). Values of assimilation (A) and steady-state fluorescence (Fs) were 

registered immediately after the steady-state conditions for gas exchange were 

achieved and then a saturating white light flash around 8000 µmol m-2 s-1 was 

applied to determine the maximum fluorescence (Fm’). 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 transports rate (ETR) was estimated from 

Genty et al. (1989) as ETR = PPFD × PSII ×  × , being PSII the efficiency 

of photo-system II,  the leaf absorbance and  the electrons partitioning between 

photo-systems I and II. PSII was estimated as PSII = (Fm’-Fs)/Fm’ (Genty et al. 

1989). The · 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 PSII and CO2 under 

non-photorespiratory conditions (with CO2 = (A + Rd)/PPFD), then considering 

 ×  = 4/b where b is the slope of the PSII ~ CO2 relationship. Non-

photorespiratory respiration during the day (Rd) was estimated as half the 

respiration rate measured after 2 h of darkness (Martins et al. 2013, Niinemets et 

al. 2005, Veromann-Jürgenson et al. 2017). As conifer 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:  

(1) 𝑔m_FLU =
𝐴N

𝐶i−
Γ∗ (𝐸𝑇𝑅+𝑝2 (𝐴N+𝑅d)

(𝐸𝑇𝑅−𝑝1(𝐴N+𝑅d)

  

where A is the net assimilation rate, * is CO2 compensation point in absence of 

Rd, and Ci the CO2 concentration in intercellular air-spaces. * was assumed to 

be 42.5 µmol mol-1 as in Bernacchi et al. (2001) due to the absence of * values 

for conifer species. Values of p1 and p2, which depend on the limited steps of 

RuBP regeneration, where assumed to be 4 and 8, respectively.  
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Leaf mass per unit area 

Leaf portions similar to the measured leaves were taken and 

photographed to determine leaf area. Afterwards, leaf portions were placed in an 

oven at 60ºC until constant dry weight was reached to calculate the dry leaf mass 

per unit leaf area (LMA). 

Anatomical measurements 

Immediately after gas-exchange measurements, small leaf pieces (3 × 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. 5 plants per species were 

sampled. Afterwards, samples were post-fixed in 2% buffered osmium tetroxide 

for 2h, and dehydrated in a graded series of ethanol. Dehydrated samples were 

embedded in resin (LR-White, London Resin Company, London, UK) and 

solidified in an oven at 60ºC for 48h. 

Semi-thin cross-sections of 0.8 µm and ultrathin cross-sections of 90 nm 

for transmission electron microscopy (TEM) were cut with an ultramicrotome 

(Leica UC6, Vienna, Austria). Semi-thin sections were dyed with 1% toluidine 

blue and observed at 200× magnifications under an Olympus BX60 (Olympus, 

Tokyo, Japan) light microscopy and photographed with a Moticam 3 (Motic 

Electric Group Co., Xiamen, China). The ultrathin sections were contrasted with 

uranyl acetate and lead citrate and viewed at 1200× and 30000× magnifications 

with a transmission electron microscopy (TEM H600; Hitachi, Tokyo, Japan). All 

images were analysed using IMAGEJ 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 microscopy images 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 following Tomás et al. (2013). Cell curvature correction factor was 

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 estimates for mesophyll 
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spongy (oblate spheroids) and palisade cells (prolate spheroids), respectively. 

Four to six randomly selected different fields of view were considered per plant 

replicate to measure each anatomical characteristic. For each type of mesophyll 

tissue (spongy and palisade), ten 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 tissue 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 Tomás et al. (2013) was applied. Mesophyll 

diffusion conductance as a composite conductance for within-leaf gas, liquid and 

lipid components is given as:  

(2) 𝑔m_ANAT =
1

1

𝑔ias
 + 

𝑅𝑇k
𝐻 · 𝑔liq

 

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 (ΔLias) (Syvertsen et al. 1995, Terashima 

et al. 2011):  

(3) 𝑔ias =
𝐷a· 𝑓ias

∆𝐿ias· ς
 

where ς is the diffusion path tortuosity (m m-1) and Da (m2 s-1) is the diffusion 

coefficient for CO2 in the gas-phase (1.51·10-5 m2 s-1 at 22 °C). ΔLias was 

approximated by mesophyll thickness divided by two (Niinemets and Reichstein 

2003). An estimate of ς was used as a default value of 1.57 m m-1 (Niinemets and 

Reichstein 2003, Syvertsen et al. 1995). The total liquid phase conductance is 

provided by the sum of the inverse of serial conductances:  
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(4) 
1

𝑔liq
= (

1

𝑔cw
+

1

𝑔pl
+

1

𝑔ct
+

1

𝑔en
+

1

𝑔st
) ·  𝑆𝑐/𝑆 

where partial conductances account for cell wall (gcw), plasmalemma (gpl), cytosol 

(gct), chloroplast envelope (gen), and chloroplast stroma (gst). The cell wall, cytosol 

and stromal conductances are given by a general equation:  

(5) 𝑔𝑖 =
𝑟𝑓,𝑖· 𝐷𝑤· 𝑝𝑖

∆𝐿𝑖
 

where gi (m s-1) is either gcw, gct or gst, ΔLi (m) is the diffusion path length and pi 

(m3 m-3) is the effective porosity in the given part of the diffusion pathway, Dw is 

the aqueous phase diffusion coefficient for CO2 (1.79·10-9 m2 s-1 at 25 °C) and 

the dimensionless factor rf,i accounts for the decrease of diffusion conductance 

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 intraorganellar 

(thylakoids) heterogeneities (Niinemets and Reichstein 2003). Effective porosity, 

pi, was taken as 1 for gct and gst. Cell wall porosity (pcw) was taken as 0.028, as 

applied in Tomás et al. (2013) for species with species with Tcw>0.4 m, but was 

also fitted in order to know what its value would have to be so that gm_ANAT = 

gm_FLU. Conductance in units of m s-1 can be converted into molar units 

considering that  

g[mol m-2 s-1] = g[m s-1]44.6·[273.16/(273.16 + TL)(P/101.325),  

where TL is the leaf temperature (ºC) and P (Pa) is the air pressure. Due to the 

difficulty to measure 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 s-1) as 

previously suggested in other studies (Evans et al. 1994, Peguero-Pina et al. 

2012, Tomás et al. 2013, Tosens et al. 2012a, 2012b). 

 

Analysis of quantitative limitations of AN and gm 
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The relative limitations on AN for conifers were calculated following Grassi 

& Magnani (2005). This analysis quantifies the relative importance of stomatal, 

mesophyll conductance and biochemical limitations (the latter integrating both 

Rubisco and photochemistry/Calvin cycle, owing to the fact that photosynthesis 

operates at co-limitation between these two factors; see Gallé et al. 2009, and 

Varone et al., 2012, for further explanation). Fractional limitations, that is, those 

imposed by limited stomatal (ls) or mesophyll conductance (lmc), and reduced 

biochemical capacity (lb), were calculated as: 

(6) 𝑙s =

𝑔tot
𝑔s

 · 
𝛿𝐴N
𝛿𝐶c

𝑔tot+
𝛿𝐴N
𝛿𝐶c

 

(7) 𝑙m =

𝑔tot
𝑔m

 · 
𝛿𝐴N
𝛿𝐶c

𝑔tot+
𝛿𝐴N
𝛿𝐶c

 

(8) 𝑙b =
𝑔tot

𝑔tot+
𝛿𝐴N
𝛿𝐶c

 

where gs and gm_FLU are the stomatal and mesophyll conductances to CO2 and 

gtot is the total conductance (the sum of inversed serial conductances gm_FLU and 

gs). δAN/δCc is the slope of AN-Cc response curves -estimated from 21% O2 A/Ci 

curves 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 photosynthesis 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: 

(9) 𝑙i =
𝑔m_ANAT

𝑔i · 𝑆c/𝑆
 

where li is the limitation by the cell wall, the plasmalemma, cytosol, chloroplast 

envelope and stroma, and gi refers to the diffusion conductance of each 

corresponding diffusion pathway. The limitation of each cellular component was 

scaled up with Sc/S. 

 

Cell wall composition determination 
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Leaves of four plants per species were sampled (ca. 1 g) for cell wall 

analysis. In order to minimize the leaf starch content, sampling was performed 

early in the morning. Samples were boiled in absolute ethanol until bleached. 

Afterwards, in order to eliminate any alcohol soluble compound, samples were 

cleaned in acetone shaking for 30 min twice. Then, samples were air-dried and 

homogenized by dry milling. The resulting alcohol insoluble residue (AIR), which 

represents the cell wall crude material, was subjected to a treatment with α-

amylase (Sigma) overnight to remove the starch retained in the sample, and then 

used for the polysaccharides and bound phenolic compounds analysis. For each 

sample, 3 mg of AIR were hydrolysed with 2 M trifluoroacetic acid (TFA) for 1 h 

a 121 ºC and then centrifuged at 13 000 g for 10 min. Supernatant (non-cellulosic 

cell wall components, mainly hemicellulose and pectins) was separated and kept 

at 4 ºC, 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 ºC 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 

(Blumenkratz and Asboe-Hansen 1973) using 2 hydroxydiphenyl as reagent and 

galacturonic acid as standard in a Varioskan Lux.  

 

Statistical analysis 

Pearson correlation matrices were determined to reveal the relationships 

between traits. Significances were distinguished at the P < 0.05, P < 0.01 and P 

< 0.0001 levels. These analyses were performed with the software package IBM 

SPSS 11.0 (SPSS, Chicago, IL, USA). 
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Figure legends 

Figure 1. Net photosynthesis (AN) in relation to (A) stomatal conductance to CO2 

(gs) and (B) mesophyll conductance estimated by chlorophyll fluorescence 

(gm_FLU). Each point corresponds to one species (n = 3-7). Species from this study 

are marked as closed circles, while gymnosperm species from Veromann-

Jürgenson et al. (2017) are marked as open circles. Closed circles with error bars 

display average ± SE values for the seven species considered in the present 

study. Data were fitted by linear regression (significance at P < 0.05). 

Figure 2. Relative stomatal (ls), mesophyll conductance (lm) and biochemical (lb) 

photosynthesis limitations per species. Error bars represent standard errors (n= 

3-7). 

Figure 3. Mesophyll conductance estimated by chlorophyll fluorescence (gm_FLU) 

in relation to (A) chloroplast surface area exposed to intercellular airspaces per 

projected leaf area (Sc/S), and (B) cell wall thickness (Tcw). Inset in (B) shows the 

general relationship 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 closed circles, gymnosperm species from 

Veromann-Jürgenson et al. (2017) are marked as open circles and data from 

spermatophytes species compiled by Onoda et al. (2017) are marked as orange 

triangles. Closed circles with error bars display average ± SE values for the seven 

species considered in the present study. Data were fitted in (A) by a logarithmic 

regression in considering all species, while data from each study was separately 

fitted by linear regression in (B). 

Figure 4. (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). 

Figure 5. (A) Average ± SE mesophyll cell wall thickness (Tcw) for each species. 

(B) Average ± SE adjusted cell wall porosity (pcw) required to fit mesophyll 
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conductance modelled from anatomy (gm_ANAT) with mesophyll conductance 

estimated by chlorophyll fluorescence (gm_FLU). 

Figure 6. Comparison of mesophyll conductance values modelled according to 

the diffusion model from Tosens et al. (2016; gm_ANAT) considering both constant 

or fitted cell wall porosity (pcw) and estimated according to the variable J method 

(Harley et al. (1992; gm_FLU). 

Figure 7. The relationship between cell wall thickness (Tcw) and (A) the mass of 

cell walls prepared as alcohol insoluble residues per leaf dry weight (AIR), (B) the 

mass of each cell wall component per AIR mass, and (C) cell wall component 

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

regressions were fitted to the data.  

Figure 8. The relationship between net photosynthesis (AN) and (A) the mass of 

cell walls prepared as alcohol insoluble residues per leaf dry weight (AIR), (B) the 

mass of each cell wall component per AIR mass, and (C) cell wall component 

mass per leaf area. The relationship between mesophyll conductance estimated 

by chlorophyll fluorescence (gm_FLU) and (D) AIR, (E) the proportion of each cell 

wall component, and (F) cell wall component mass per leaf area. Data are means 

± SE of four replicate measurements for each species. Linear regressions were 

fitted to the data.  

Figure 9. The relationship between mesophyll conductance estimated by 

chlorophyll fluorescence (gm_FLU) and the ratio (hemicelluloses + celluloses) / 

pectins. Exponential decay regression was fitted to the data. 
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Supporting information 

Supplemental Table 1. Photosynthetic characteristics for the gymnosperm species. 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), sub-

stomatal CO2 concentration (Ci), chloroplastic CO2 concentration (Cc) and dark respiration rate (Rd). 

 

Species 

AN 

(µmol m-2 s-1) 

gs 

(mol m-2 s-1) 

gm_flu 

(mol m-2 s-1) 

Ci 

(µmol mol-1 air) 

Cc 

(µmol mol-1 air) 

Rd 

(µmol m-2 s-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 
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Supplemental Table 2. Morphological and structural anatomic characteristics for the gymnosperm species. Average value ± SE (n = 

3-7) are shown for dried leaf mass per unit area (LMA), leaf density (Dleaf), leaf thickness (Tleaf), mesophyll thickness (Tmes), fraction 

of the mesophyll occupied by intercellular air spaces (fias), mesophyll surface area exposed to intercellular air spaces per projected 

leaf area (Sm/S), chloroplast surface area exposed to intercellular air spaces per projected leaf area (Sc/S), and the ratio Sc/Sm. 

 

Species 

LMA  

(g m-2) 

Dleaf  

(g cm-3) 

Tleaf  

(µm) 

Tmes  

(µm) 

fias  

(%) 

Sm/S  

(m2 m-2) 

Sc/S 

(m2 m-2) Sc/Sm 

 
Chamaecyparis obtusa 228 ± 11 0.32 716 ± 47 578 ± 100 23.1 ± 4.2 45.8 ± 4.8 31.5 ± 1.8 0.70 ± 0.04 

Juniperus oxycedrus 197 ± 5 0.46 425 ± 34 320 ± 53 27.5 ± 8.0 24.5 ± 5.6 16.1 ± 3.7 0.66 ± 0.00 

Picea glauca 184 ± 6 0.32 567 ± 58 528 ± 63 17.2 ± 1.9 32.8 ± 3.6 21.6 ± 2.4 0.66 ± 0.01 

Sequoiadendron giganteum 245 ± 28 0.44 554 ± 36 486 ± 45 24.1 ± 5.9 41.2 ± 2.6 26.0 ± 2.1 0.63 ± 0.01 

Taxus baccata 148 ± 9 0.32 469 ± 52 434 ± 50 41.2 ± 2.9 22.9 ± 2.0 15.9 ± 1.7 0.69 ± 0.01 

Taxus cuspidata 207 ± 3 0.32 647 ± 26 472 ± 75 36.0 ± 1.6 35.3 ± 2.4 22.1 ± 2.9 0.62 ± 0.04 

Thuja plicata 201 ± 4 0.26 767 ± 72 685 ± 75 30.7 ± 1.8 48.5 ± 9.3 34.0 ± 6.5 0.70 ± 0.03 
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Supplemental Table 3. Ultrastructural anatomic characteristics and modelled mesophyll conductance for the gymnosperm species. 

Average value ± SE (n = 3-7) are shown for chloroplast thickness (Tchl), chloroplast length (Lchl), mesophyll cell wall thickness (Tcw), 

cytoplasm thickness (Tcyt). 

 

Species 

Tchl 

(µm) 

Lchl 

(µm) 

Tcw 

(µm) 

Tcyt 

(µm) 

Chamaecyparis obtusa 2.67 ± 0.03 4.12 ± 0.23 0.531 ± 0.072 0.306 ± 0.019 

Juniperus oxycedrus 3.00 ± 0.27 4.38 ± 0.45 0.528 ± 0.036 0.248 ± 0.020 

Picea glauca 2.44 ± 0.30 4.30 ± 0.25 0.472 ± 0.078 0.251 ± 0.059 

Sequoiadendron giganteum 2.21 ± 0.05 3.35 ± 0.12 0.372 ± 0.072 0.339 ± 0.082 

Taxus baccata 3.47 ± 0.27 5.72 ± 0.37 1.033 ± 0.062 0.443 ± 0.055 

Taxus cuspidata 2.43 ± 0.27 3.90 ± 0.29 0.798 ± 0.087 0.526 ± 0.034 

Thuja plicata 2.53 ± 0.12 5.17 ± 0.24 0.602 ± 0.048 0.311 ± 0.016 
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Supplemental Table 4. Mass-based leaf cell wall fraction considered as alcohol insoluble residues (AIR), and 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 

AIR 

(g g-1 dry weight) 

Hemicelluloses 

(mg g-1 AIR) 

Cellulose 

(mg g-1 AIR) 

Pectins 

(mg g-1 AIR) 

Chamaecyparis obtusa 0.606 ± 0.031 272 ± 4 154 ± 9 58 ± 3 

Juniperus oxycedrus 0.870 ± 0.042 278 ± 11 341 ± 9 63 ± 2 

Picea glauca 0.635 ± 0.024 357 ± 35 244 ± 11 55 ± 6 

Sequoiadendron giganteum 0.585 ± 0.051 234 ± 4 159 ± 4 65 ± 5 

Taxus baccata 0.425 ± 0.026 204 ± 16 98 ± 9 53 ± 5 

Taxus cuspidata 0.436 ± 0.040 180 ± 7 103 ± 5 48 ± 3 

Thuja plicata 0.713 ± 0.068 230 ± 9 177 ± 7 58 ± 1 
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Supplemental Figure 1. Leaf dry mass per area (LMA) in relation to (A) leaf 

density (Dleaf), (B) leaf thickness (Tleaf), (C) mesophyll cell wall thickness (Tcw), 

and (D) chloroplast surface area exposed to intercellular airspaces (Sc/S). 

Species from this study are marked as closed circles, while gymnosperm species 

from Veromann-Jürgenson et al. (2017) are marked as open circles. Closed 

circles with error bars display average ± SE values for the seven species 

considered in the present study. Data were fitted by linear regression 
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(significance at P<0.05) considering all species except in (D), where only species 

from this study were considered in the regression. 

 

Figure S2. The relationship between fitted cell wall porosity (pcw) and (A) 

percentage of cell walls prepared as alcohol insoluble residues per leaf weight 

(AIR), (B) main cell wall components weight per cell wall weight (hemicelluloses, 
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celluloses and pectins), and (C) main cell wall components weight per leaf area. 

Data are means ± SE of four to six replicate measurements for each species.  

 

Figure S3. The relationship between fitted cell wall porosity (pcw) and the ratio 

(hemicelluloses+cellulose)/pectins. Data are means ± SE of four to six replicate 

measurements for each species. 
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General discussion 
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The results of this Thesis have been structured in five chapters which 

include six publications. As the different chapters provide a profuse discussion of 

the relevance of each finding addressing the different general and specific 

objectives of the present Thesis, this chapter aims to provide a brief integrated 

view about the contributions of the present work to the available scientific 

knowledge on the anatomical bases that modulate mesophyll conductance to 

CO2 at three terms: short (i.e. seconds to minutes), medium (i.e. acclimation/ 

acclimatization), and long (i.e. adaptation) (Fig. 1).  

 

Figure 1. Schematic diagram of the three terms in which the anatomical adjustments 

determining mesophyll conductance to CO2 have been investigated in this Thesis. 

First, the predictability of mesophyll conductance by anatomical models as 

well as the new knowledge and questions derived from the present Thesis are 

presented. Second, the implication of the mesophyll anatomical traits in the 

regulation of mesophyll conductance to CO2 (gm) with changing environmental 

conditions from the short-term to acclimatization is discussed. Finally, the 

involvement of the main anatomical traits determining gm as a possible result of 

evolutionary adaptation to the terrestrial environment is evaluated.



 

 

271 
 

General overview: agreement between leaf anatomy and 

gm and new evidence on key anatomical determinants of 

gm 

Globally, the results from the present Thesis significantly strengthen the 

current knowledge on the role of mesophyll anatomical traits in determining 

mesophyll conductance. Although the anatomical mechanistic bases seem not 

involved in the regulation of gm in the immediate term (Chapter 1), the anatomical 

adjustments that occur as a result of leaf’s acclimation or adaptation to specific 

environmental conditions, habitats or life forms strongly determine leaf’s 

maximum gm (Chapters 2-5). The close relationship between leaf anatomy and 

gm is very important for several reasons. On the one hand, it allows to totally 

independently validate the estimates of gm obtained with the most used methods, 

all of them based at least on the same gas exchange technique (Pons et al. 2009, 

Flexas et al. 2018), and being them all currently strongly questioned by their 

numerous assumptions, methodological weaknesses and simplifications of their 

underlying models (Tholen and Zhu 2011, Loriaux et al. 2013, Gu and Sun 2014, 

but see Mizokami et al. 2016 for a revision). On the other hand, the predictability 

of gm from cellular traits allows adding gm to models of photosynthesis (Niinemets 

et al. 2009, Flexas et al. 2018) and reveals the large potential of redesigning leaf 

anatomy to improve plants’ photosynthetic capacity (Tholen et al. 2012, Ort et al. 

2015, Lehmeier et al. 2017, Ren et al. 2019). 

Due to the lack of common methods allowing to directly determine the 

chloroplastic CO2 concentration (Cc), it is rather difficult to estimate gm (Pons et 

al. 2009, Mizokami et al. 2016, Flexas et al. 2018). Thus, in order to override 

potential misestimations produced by the weaknesses of the different methods, 

the precise estimate of gm requires the use of two or more methods. Among them, 

the strength of the analytical models of gm based on anatomical traits lies in that 

they are the only ones that can provide completely independent estimates of the 

others, which are all based totally or partially on gas exchange measurements.  

Among the available analytical models, the 1D model of Niinemets and 

Reichstein (2003), later improved by Tosens et al. (2012b) and Tomás et al. 
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(2013), is the most widely used and has been validated in more than 160 species 

including all major land plant groups (except hornworts). Modelled gm values 

obtained with the 1D model, which uses as main inputs several anatomical 

features estimated from light microscopy and transmission electron microscopy 

images, tightly correlated with measured gm values with the variable J method of 

Harley et al. (1992), and the obtained correlation is close to the 1:1 line, (r2 = 

0.78, P < 0.0001; Fig. 2).  

 

Figure 2. Agreement between chlorophyll fluorescence and anatomical methods to 

estimate mesophyll conductance. Correlation between mesophyll conductance estimated from 

chlorophyll fluorescence (gm_FLU) following Harley et al. (1992) and mesophyll conductance 

modelled from anatomical traits (gm_ANAT) following Niinemets & Reichstein (2003) measured in 

the same leaves grown under optimal conditions. Closed circle are average data from the 

following studies: Peguero-Pina et al. (2012; 2016; 2017a,b), Tosens et al. (2012a,b; 2016), 

Tomás et al. (2013, 2014), Lu et al. (2016), Fini et al. (2016),  Veromann-Jürgenson et al. (2017), 

Xiong et al. (2017), and Han et al. (2018), while open circles are average data from Chapters 1 

(Nicotiana tabacum), 2 (Arabidopsis thaliana), 3 (bryophytes, lycophytes and pteridophytes) and 

4 and 5 (gymnosperms). 

Despite the tight agreement between both gm independent estimation 

methods, several weaknesses still beset the 1D analytical method. On average, 

a 42% discrepancy was found between modelled and estimated gm, showing that 

the complex nature of resistance to CO2 diffusion in the mesophyll cannot be 
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totally assessed from 2D cross-sections, and that the different biophysical 

diffusion properties that are assumed as constants or obviated by the model can 

have an important role in setting maximum gm in some species. Recent studies 

comparing the reliability and accuracy of 1D and 2D models from 3D approaches 

have demonstrated a bias in the estimation of 3D traits such as fias and Sm/S and 

Sc/S from cross-sections and ascertained that 2D images cannot embrace the 

complex cell geometries (Tholen and Zhu 2012, Théroux-Rancourt et al. 2017, 

Earles et al. 2018, 2019). Apart from methodological limitations, suggested 

causes of the discrepancy include the simplification of the role of the biochemical 

determinants of gm, the not-so-straightforward assumption that there is no 

recycling of (photo)respired mitochondrial CO2 (Tholen and Zhu 2012, Xiao and 

Zhu 2017, Yin and Struik 2017, Ubierna et al. 2019) as well as the still important 

knowledge gaps on the anatomical mechanistic bases of gm regulation: 

mesophyll cell wall effective porosity, membrane permeability, diffusion viscosity 

and effective path length of CO2 diffusion (Xiao and Zhu 2017, Tosens and 

Laanisto 2018). 

Among the currently poorly understood fundamental structural factors 

affecting gm, this Thesis has provided particularly novel suggestions on the 

impact of cell wall effective porosity to CO2 diffusion on gm (Chapter 5). Cell wall 

effective porosity, determined by the relation between cell wall tortuosity and 

porosity, has never been experimentally determined in mesophyll cells of land 

plants. First thought to be large enough to do not constrain AN (Nobel 1991), cell 

wall effective porosity was later proposed as a key determinant of gm based on 

the noisy relationship between gm and key anatomical traits such as Sc/S 

(Terashima et al. 2006) and on a simple model of the CO2 pathway through pores 

from onion cell wall images (Evans et al. 2009), and it was suggested to be 

linearly variable with Tcw (Terashima et al. 2006, Tosens and Laanisto 2018). 

However, recent reports of leaf anatomy and gm in species with thick cell walls 

(Chapter 3, Tosens et al. 2016, Veromann-Jürgenson et al. 2017) described an 

exponential decay-, instead of a negative lineal-relationship between gm and Tcw, 

suggesting that these species compensated the negative effects on CO2 diffusion 

of possessing extremely elevated Tcw with the regulation of their cell wall effective 

porosity. The results from Chapter 5 in seven conifer species support this 
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hypothesis, providing the first direct correlative evidence of the effect of cell wall 

composition. Specifically, the results showed that both cell wall relative fraction 

in cellulose and hemicellulose decreased but pectin relative fraction remained 

constant with increasing Tcw in conifers, so gm increased as the ratio 

(hemicelluloses+celluloses)/pectins decreased. This evidence confirms, in 

agreement with previous recent studies reporting the effect of alteration of 

specific cell wall components on plant growth and CO2 diffusion resistance 

(Weraduwage et al. 2016, 2018, Ellsworth et al. 2018) and correlation between 

primary metabolites on gm from a meta-analysis approach (Gago et al. 2016), the 

key role of cell wall composition on gm. 

In summary, although 2-D and, especially, 3-D models should better 

represent mesophyll conductance and its properties (Earles et al. 2019), the 1-D 

models are the only currently readily available for practical purposes. The use of 

two 1-D models (anatomical vs gas exchange and chlorophyll fluorescence) in 

the present Thesis has confirmed the agreement among them, regardless of the 

fact that they are completely independent each other both in their assumptions 

and in the input parameters used to parameterize them. Therefore, the estimated 

values may reflect to a large extent the magnitude of this physical variable, and 

can then be used to compare the effects of short-to-mid-term variations in 

environmental conditions as well as differences among species and phylogenetic 

groups, which is the aim of the next two sections. 

 

New insights into the anatomical mechanisms 

regulating the response of mesophyll conductance to 

abiotic environmental variables 

The two most used methods to estimate gm, i.e. the variable J method 

based on the combination of gas exchange and chlorophyll fluorescence (Harley 

et al. 1992) and the isotope method based on the 13C discrimination during 

photosynthesis (Evans 1989, Lloyd et al. 1992), have revealed gm to be finite and 

variable, responding to abiotic environmental changes from the very short (i.e. 

from seconds to minutes) to the long terms (Flexas et al. 2018). gm is determined 
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by a series of physical barriers and biochemical components that impose a 

resistance to the diffusion of CO2 molecules from the substomatal cavity  to the 

site of carboxylation inside the chloroplast stroma (Evans et al. 2009, Terashima 

et al. 2011). However, the mechanistic basics of gm and its regulation are not fully 

understood, complicating the predictability of gm and the possibility of considering 

it in models estimating large-scale carbon gain and global change (Niinemets et 

al. 2009). Thus, an objective of the present Thesis was to gain further insights on 

the determinants -focusing particularly on the structural ones- of gm response to 

abiotic environmental variables. 

The dynamic response of gm to rapid environmental variation is 

undoubtedly one of the current controversies about this photosynthetic trait. First, 

because reports of fast gm regulation are contradictory. While some studies have 

reported rapid variations (i.e. within minutes) of gm in response to changes in light 

(Hassiotou et al. 2009, Douthe et al. 2011, 2012, Xiong et al. 2015), substomatal 

CO2 concentration (Ci; Flexas et al. 2007b, Hassiotou et al. 2009, Yin et al. 2009, 

Douthe et al. 2011, 2012, Xiong et al. 2015, Mizokami et al. 2019), or temperature 

(Yamori et al. 2006, von Caemmerer and Evans 2015, Shrestha et al. 2019), 

some other studies have reported gm to be unaffected by light and/or Ci fast 

variations (Tazoe et al. 2009). Second, because the mechanistic basis that could 

allow explaining these variations remain elusive. Most of the anatomical 

determinants are assumed to be invariable in the short term (Evans et al. 2009, 

Terashima et al. 2011) and the main determinant of this variation have been 

hypothesized to be linked to chloroplast movements and redistribution along the 

cell wall, varying the chloroplast surface area exposed to intercellular airspace 

per leaf area (Sc/S, Oguchi et al. 2005, Tholen et al. 2008), the main anatomical 

determinant —together with cell wall thickness, Tcw— of maximum gm (Evans et 

al. 2009, Tomás et al. 2013, Tosens et al. 2016). However, no direct 

measurements of the potential changes in the structural traits during a light or 

CO2 photosynthetic response curve have been reported previous to this Thesis. 

Moreover, the implication of biochemical determinants, although likely, has not 

been tested (Cochard et al. 2007, Maurel et al. 2008, Terashima et al. 2011). And 

third, several ‘mathematical artefacts’ and/or ‘over-simplifications’ of the models 

to estimate gm have been targeted (Pons et al. 2009, Tholen and Zhu 2011, Gu 
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and Sun 2014, Théroux-Rancourt et al. 2017). Thus, the controversy is such that 

the current scientific debate discusses whether these observed gm variations are 

real (i.e. are regulated by anatomical and/or biochemical determinants), apparent 

(i.e. are the result from averaging fluxes and concentrations across the 

mesophyll) or even artifactual (i.e. are the result of a biased estimate of 

parameters and/or mathematical artefacts). In the present Thesis the potential 

involvement of anatomical mesophyll traits in the short-term regulation of gm due 

to CO2 and light rapid variations was experimentally tested in tobacco (Chapter 

1). Tobacco leaves, even after being subjected to different light and CO2 

treatments in the short-term to produce rapid variations in gm, did not experienced 

significant changes in most anatomical parameters. The only observable change 

was in the chloroplast shape, perhaps due to a chloroplast avoidance effect 

(Trojan and Gabrys 1996, Kasahara et al. 2002), which was insufficient to 

significantly modify Sc/S. This led to a discrepancy between the gm values 

obtained by fluorescence (Harley et al. 1992) and those obtained using two 

analytical models based on anatomical parameters (Tosens et al. 2012a, Xiao 

and Zhu 2017), discarding the influence of main leaf anatomical determinants of 

CO2 diffusion on fast changes of gm. These findings have been recently extended 

to short-term gm variations in response temperature in different species and 

genotypes (Shrestha et al. 2019). Shrestha et al. (2019) also did not find 

differences in Sc/S in response to temperature changes, dismantling the 

hypothesis by Flexas and Díaz-Espejo (2015) of a progressive decrease of Sc/S 

due to chloroplast movement or cell shrinkage at elevated temperature that could 

explain gm variations. Moreover, theoretical modelling discarded the potential role 

of aquaporins and (photo)respiration as the unique sources for short-term gm 

response in response to light and CO2 variations. Thus, being the implication of 

anatomy discarded, the observed short-term gm variation might be apparent and 

should also reflect model weaknesses. 

The aforementioned uncertainties could also bias the interpretation of gm 

responses to longer exposures to one or several combined abiotic environmental 

variables. gm acclimation has been studied in response to environmental 

variables such as temperature (Yamori et al. 2006, Bunce 2008, Silim et al. 2010, 

Fares et al. 2011, Crous et al. 2013, Lewis et al. 2015, Xue et al. 2016, Cai et al. 
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2018, Sáez et al. 2018), light intensity (Lloyd et al. 1992, Syversten et al. 1995, 

Piel et al. 2002, Hanba et al. 2002, Singsaas et al. 2004, Laisk et al. 2005, 

Niinemets et al. 2006, Warren et al. 2007, Montpied et al. 2009, Cano et al. 2011, 

Tosens et al. 2012a, Cano et al. 2013), drought stress (Grassi and Magnani 2005, 

Flexas et al. 2006, 2009, Díaz-Espejo et al. 2007, Galmés et al. 2007, Miyazawa 

et al. 2008, Bunce 2009, Gallé et al. 2009, Warren et al. 2011, Aranda et al. 2012, 

Ferrio et al. 2012, Tosens et al. 2012a, Brilli et al. 2013, Cano et al. 2013, 2014, 

Perez-Martin et al. 2014, Théroux-Rancourt et al. 2014, 2015, Mizokami et al. 

2015, Silva et al. 2015, Zhou et al. 2015, Olsovska et al. 2016, Shrestha et al. 

2018, Zait et al. 2018), CO2 concentration (Singsaas et al. 2004, Bernacchi et al. 

2005, Possell and Hewitt 2009, Velikova et al. 2009, Zhu et al. 2012, Crous et al. 

2013, Singh et al. 2013, Chen et al. 2014, Aranjuelo et al. 2015, Kitao et al. 2015, 

Lewis et al. 2015, DaMatta et al. 2016, Singh and Reddy 2016, 2018, Xu et al. 

2016, Ruiz-Vera et al. 2017, Cai et al. 2018, Mizokami et al. 2018, Zait et al. 

2018), ozone concentration (Eichelmann et al. 2004, Velikova et al. 2005, 

Flowers et al. 2007, Warren et al. 2007, Watanabe et al. 2018, Xu et al. 2019), 

salinity (Sade et al. 2014, Zait et al. 2018) or nutrient availability (Singh et al. 

2013, Kitao et al. 2015, Xiong et al. 2015, Barbour and Kaiser 2016, Singh and 

Reddy 2016, 2018, Ruiz-Vera et al. 2017, Shrestha et al. 2018). The studies 

characterizing the acclimation of gm to these environmental variables have been 

performed almost in their totality in standard ‘youngest fully-expanded’ leaves.  

Despite the relatively extensive number of species in which the gm 

acclimation to different abiotic environmental variables has been described, the 

relationship between leaf anatomy and gm resulting from these acclimations has 

been evaluated in a much more reduced number of species variables. In the case 

of temperature, the only three published studies were dedicated to species that 

are not sufficiently representative of the C3 plants and do not allow to explain the 

high diversity of gm responses to the acclimation to this environmental variable 

reported for different species. Two of these studies were performed in the two 

Antarctic vascular species, first under field conditions and mild temperature 

acclimation treatments (i.e. + 2 ºC; Sáez et al. 2018a), and then under laboratory 

conditions and moderate acclimation treatments (i.e. + 12 ºC; Sáez et al. 2018b). 

Both studies demonstrated that the mesophyll anatomical traits helped to explain 
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the non-significant gm response of Deschampsia antarctica and the gm increase 

in Colobanthus quitensis —mainly mediated by adjustments of the chloroplast 

arrangement and Sm/S— in response to plant acclimation to warmer 

temperatures. And the other study is dedicated to the thermophilic tree Ziziphus 

spina-christi (Zait et al. 2018), where the reported hyperbolical gm decrease with 

decreasing acclimation temperatures was partially explained by decreased LMA 

and Tleaf but increased fias. 

Regarding to light acclimation, although most studies have been 

performed in tree species, most of the observed gm variability relied on the 

species-specific leaf anatomical plasticity (Hanba et al. 2002, Oguchi et al. 2005, 

Tosens et al. 2012, Morales et al. 2014, Fini et al. 2016, Peguero-Pina et al. 2016, 

Ellsworth et al. 2018, Poorter et al. 2019), being higher in species adapted to 

grow in the open sky (Valladares et al. 2000, Portsmuth and Niinemets 2007, 

Chmura et al. 2017). In general terms, the main anatomical adjustments 

determining gm response to acclimation to higher growth light conditions were an 

increase in Tleaf, the number of palisade layers, Sm/S and Sc/S. Tcw, despite its 

importance in determining gm across species (Tosens et al. 2012, 2016, Tomás 

et al. 2013, Peguero-Pina et al. 2017), either increased, remained constant or 

decreased with light growth conditions depending on the species (Hanba et al. 

2002, Tosens et al. 2012, Fini et al. 2016, Ellsworth et al. 2018), being its role in 

light acclimation not that clear. 

In relation to drought stress acclimation, the type and importance of 

anatomical adjustments potentially explaining the lower gm values related to 

acclimation to water stress seems to be dependent on the species and on the 

drought stress treatment (Galle et al. 2011). The general anatomical responses 

to this acclimation seem to be a reduction in chloroplast size and in fias and an 

increase in Tcw (Niinemets et al. 2009, Poorter et al. 2009, Li et al. 2012, Galmés 

et al. 2013). However, Tomás et al. (2014) could not explain by anatomical 

variability the gm decrease reported in Vitis vinifera cultivars acclimated to water 

stress once leaves were already fully-expanded. In this sense, Miyazawa et al. 

(2008) suggested that drought-induced gm reductions could be mainly associated 

to an aquaporin deactivation.  



 

 

279 
 

As for the acclimation of gm to varying CO2 concentration, there is little and 

non-conclusive information on the subjacent anatomical adjustments that would 

help to explain the reported general but species-specific decrease of gm at higher 

[CO2]. The major role for this gm decrease might be partially related to Tcw and 

chloroplast size increases (Robertson and Leech 1995, Uprety et al. 2001, 

Oksanen et al. 2005, Teng et al. 2006, Zhu et al. 2012), meanwhile Sc/S has been 

reported to be unaffected or incremented with increased [CO2] (Kitao et al. 2015, 

Mizokami et al. 2018). 

Acclimation to high [O3] reduced gm in all studies species except Fagus 

sylvatica, where gm remained unaffected (Eichelmann et al. 2004, Velikova et al. 

2005, Flowers et al. 2007, Warren et al. 2007, Watanabe et al. 2018, Xu et al. 

2019). Although there are still no direct reports on the anatomical adjustments 

explaining this decrease, from studies based on leaf anatomy only it may appear 

that increased [O3] affects Tcw and chloroplast size and arrangement (Paoletti et 

al. 2009, Gao et al. 2016), all of them key anatomical traits in setting gm. 

With regard to leaf age, the changes in the leaf internal structural 

properties constrain gm are different between the development and ageing 

processes (Niinemets et al. 2012). During leaf development, as cell walls tend to 

be thin, the major anatomical changes determining initial gm increases are 

associated to be the increase in Tleaf, fias, Sm/S and Sc/S. Instead, during leaf 

ageing, gm decreases with leaf ageing that happen after reaching the peak value 

have been mainly associated to changes in the cell wall properties. However, as 

well as in light acclimation studies, the scarce studies examining the relationship 

between anatomy and gm during leaf development and ageing were mainly 

dedicated to tree species (Hanba et al. 2001, Miyazawa and Terashima 2001, 

Miyazawa et al. 2003, Marchi et al. 2008, Tosens et al. 2012, Niinemets et al. 

2012), so that the changes in this relationship in leaves with especially short life-

span (e.g. in the model species Arabidopsis thaliana), despite being expected to 

be fast, have not been analyzed in depth. 

The results from the present Thesis provide further insight on the 

relationship between leaf anatomy and gm in the acclimation of Arabidopsis plants 

to contrasting light intensities at two different leaf ages (Chapter 2). Across growth 
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light conditions, anatomy-based modelled values of gm (following Tosens et al. 

2012) closely resembled the estimates of gm obtained from gas exchange and 

chlorophyll fluorescence measurements (following Harley et al. 1992), strongly 

suggesting an important causality between changes in the mesophyll anatomical 

properties and changes in gm. Among the main morphoanatomical changes, 

LMA, the most integrative morphological trait integrating leaf structure complexity 

(Niinemets et al. 2009, Onoda et al. 2017), the number of palisade layers and 

both mesophyll and chloroplast surface area exposed to intercellular airspaces 

per leaf area (Sm/S and Sc/S) steeply increased with increasing growth light 

without showing signs of saturation at high light, as recently reviewed by Poorter 

et al. (2019). Instead, in this light-demanding species Tcw only increased from 

low- to moderate-light growth conditions, in agreement with previous 

observations. Regarding to leaf age, the data demonstrated that incipient 

anatomical changes preceding the age-related decline of photosynthesis 

compensated each other in order to keep the peak of gm for a longer period. 

Specifically, ageing generally supposed a reduction in the intercellular airspace, 

cell wall and cytoplasm partial conductances to CO2 diffusion, but total mesophyll 

resistance did not decrease due to the compensatory effect of an increased 

chloroplast stroma conductance, the main component limiting gm in Arabidopsis. 

Summarizing, the implication of the anatomical adjustments on the 

modulation of mesophyll conductance to CO2 responses to abiotic environmental 

variations vary between the short-and mid-term. On the one hand, main 

mesophyll anatomical traits remain constant when leaves are exposed to short-

term variations in light, CO2 and temperature, not determining, therefore, the 

observed apparent gm fast responses (i.e. from seconds to minutes) to these 

environmental stimuli. On the other hand, the data presented here demonstrate 

a major role of mesophyll anatomy in, at least partially, determining the gm 

response to acclimation and leaf ontogeny. Nevertheless, in order to be able to 

generalize the existence of this relationship in terms of gm acclimation, significant 

efforts are necessary to test the implication of leaf internal structure in the gm 

response to mid-term (i.e. plant growth and development) temperature variations, 

among other environmental variables. 
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Anatomical parameters determining mesophyll 

conductance in the main groups of terrestrial plants 

Another main objective of this Thesis focused on the mesophyll 

conductance to CO2 diffusion in the groups of terrestrial land plants in which it 

had not been determined yet, in order to provide an in-depth global picture of the 

gm variation across phylogeny and to reveal the main anatomical traits regulating 

it. 

Net photosynthesis (AN) presents an impressive 36-fold variation across 

C3 vascular species (Wright et al. 2004, Onoda et al. 2017), becoming even one 

order of magnitude greater when considering the very small AN of bryophytes 

(Hanson et al. 2014, Wang et al. 2017). Determining what determines this 

enormous range of variation is of great importance, and to do so it is necessary 

to investigate the different photosynthetic characteristics that limit AN: stomatal 

conductance (gs; when present), gm and the photochemical/biochemical 

potential. However, physiological studies involving mesophyll conductance 

initially have been mainly focused on a few species of Spermatophytes 

(gymnosperms and angiosperms) due to their interest as crops or model plants. 

Over time, this number kept increasing to over the half hundred species when 

Flexas et al. (2012) first suggested the existence of some evolutionary or 

phylogenetic pattern in gm, but any conclusion on an evolutionary trend towards 

gm optimization along the land plant phylogeny was precluded by a gap in 

available gm data for key land plant groups (Fig. 3A). At that time, the species in 

which gm had been determined only included angiosperms, gymnosperms and a 

few liverworts, being unknown the range of gm values for ferns, fern allies and 

mosses. This knowledge gaps have been largely fulfilled by the results obtained 

in Chapter 3. Specifically, gm estimates are provided for one liverwort, which adds 

to Meyer et al. (2008) estimates, mosses -23 with the anatomical method (Tomás 

et al. 2013) and 9 with the chlorophyll fluorescence one (Harley et al. 1992)-, 

which adds to the only one previous estimate for this plant group (Hanson et al. 

2014), 3 fern allies and 7 ferns, that are integrated together with the 3 ferns 

studied by Gago et al. (2013) in a wider study comprising 35 ferns and fern allies 
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(Tosens et al. 2016). In addition, new gm data are provided for 7 gymnosperms 

(Chapters 4 and 5). 

 

Figure 3. Phylogenetic trend towards higher mesophyll conductance. Average ± SE values 

for gs and gm for the different plant groups. (A) Data considered in Flexas et al. (2012). (B) Data 

considering Flexas et al. (2012) dataset, from the present Thesis and from Bahar et al. (2018), 

Barbour et al. (2010), Bazihizina et al. (2015), Benomar et al. (2015), Brito et al. (2014), Cai et al. 

(2015), Cano et al. (2013), von Caemmerer & Evans (2015), Dong et al. (2016), Douthe et al. 

(2011), Duan et al. (2009), Egea et al. (2011), Fini et al. (2016), Gago et al. (2013), Gallé et al. 

(2009, 2011), Galmés et al. (2017), Han (2011), Hassiotou et al. (2009), Hommel et al. (2014), 

Hu et al. (2010), Huang et al. (2016), Jaikumar et al. (2016), Jin et al. (2011), Kitao et al. (2015), 

Li et al. (2009), Lima Nieto et al. (2015), Lu et al. (2016), Martins et al. (2013, 2014), Medeiros et 

al. (2016), Mizokami et al. (2015), Monti et al. (2009), Nadal et al. (2018), Peguero-Pina et al. 

(2012, 2017a,b), Pérez-Martín et al. (2009), Resco et al. (2008), Scafaro et al. (2011), Shi et al. 

(2015), Soolanayakanahally et al. (2009), Théroux-Rancourt et al. (2014), Tomás et al. (2013, 

2014), Tosens et al. (2012a,b, 2016), Varone et al. (2012), Velikova et al. (2009), Veromann-

Jürgenson et al. (2017), Warren et al. (2006, 2011), Warren (2008), Xiong et al. (2015, 2017a,b, 

2018), Xu and Zhou (2011), Yang et al. (2018), and from the present thesis. Capital letters indicate 

differences between means for gs and lower-case letters for gm (Tukey test, P < 0.05). 
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 Currently, and counting on the species reported in this Thesis, gm has been 

determined in more than 300 species (Fig. 3B). These data confirm the existence 

of the phylogenetic trend in gm initially suggested by Flexas et al. (2012) and 

similar to that observed for AN. Angiosperms present the highest gm values, 

especially grasses and herbs, followed by conifers and ferns, and in the lowest 

end are located lycophytes, mosses, liverworts, without significant differences 

between them. Nevertheless, this evolutionary or phylogenetic trend might be 

importantly biased by the adaptation of the species to particular habitats or life 

forms. The clearest evidence is the important variation in gm found within the 

angiosperm groups (Fig. 3B), or even within a single genus (e.g. within Limonium, 

Quercus or Solanum species; Galmés et al. 2017, Muir et al. 2014, Peguero-Pina 

et al. 2017, respectively) or species (e.g. within Vitis vinifera or Oryza sativa 

genotypes; Tomás et al. 2014, Xiong et al. 2017, respectively). This marked 

phylogenetic trend for gm, together with the not so clear trend for gs (in the groups 

that possess stomata in their photosynthetic tissue) has important implications 

for the relative photosynthetic limitations for the different plant groups (Fig. 4): gm 

prevails as the higher source of AN limitation in bryophytes and lycophytes, but 

co-limits with gs in ferns and gymnosperms and equals in importance to gs and 

the biochemical capacity in angiosperms.  

 

 

Figure 4. A phylogenetic trend towards balanced co-limitation is observed for the 

photosynthetic limitations. Relative (A) stomatal (ls), (B) mesophyll conductance (lm), and (C) 

biochemical (lb) limitations to photosynthesis for the main land plant groups. Average ± SE values 

for the different plant groups from species measured in Tomás et al. (2013), Martins et al. (2014), 

Medeiros et al. (2016), Huang et al. (2016), Tosens et al. (2016), Galmés et al. (2017), Peguero-

Pina et al. (2017), Veromann-Jürgenson et al. (2017), Xiong et al. (2017, 2018), Bahar et al. 

(2018), Nadal et al. (2018), Yang et al. (2018), and from the present Thesis. Different letters 

indicate significant differences (Tukey test, P < 0.05). 
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Once the range of gm variation inside the different groups of terrestrial 

plants has been established, in addition to having determined the existence of 

significant differences between groups, it is now possible to establish the general 

anatomical mechanistic bases that allow this great variability in gm along C3 plant 

phylogeny. As stated in the previous section, several mesophyll anatomical traits 

have been identified to influence gm (Evans et al. 2009, Terashima et al. 2011, 

Tholen and Zhu 2011) in both air and liquid phases, again only in angiosperms 

and in a few gymnosperms (Flexas et al. 2012). It is currently established that 

gas phase conductance is mainly influenced by mesophyll thickness (Tmes) and 

porosity (fias) -although recent 3D models have raised that tortuosity, lateral path 

lengthening and intercellular airspace connectivity can be relevant in thick dense 

leaves (Earles et al. 2018)-, and liquid phase conductance is anatomically mainly 

set by cell wall thickness (Tcw), the mesophyll and chloroplast surface area 

exposed to intercellular airspaces per leaf area (Sm/S and Sc/S, respectively), and 

the chloroplast shape and size and tuned by biochemical determinants, mainly 

aquaporins and carbonic anhydrases (Evans et al. 2009, Terashima et al. 2011, 

Tholen and Zhu 2011). The knowledge about the range of variation in these 

anatomical traits across plant phylogeny and the relative importance of them in 

early land plant groups has been significantly expanded with the present Thesis, 

in which the anatomy of widely diverse photosynthetic organs of ferns, fern allies, 

mosses and liverworts has been studied (Fig. 5). 
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Figure 5. Representative pictures and light micrographs of the large variability in leaf 

laminas and leaf cross-sections, respectively, evaluated in this Thesis, covering species 

of the main groups of terrestrial plants. 

The main anatomical traits determining gm in photosynthetic organs across 

the land plant’s phylogeny are Sc/S and Tcw. These two traits, apparently 

independently regulated, are negatively related to each other along the 

phylogeny (Fig. 6), supporting the evidence for a phylogenetic trend towards 

higher gm previously shown (Fig. 3). While the first trait is linearly and positively 

correlated with AN and gm (Fig. 6A,B), the second forces an exponential decay of 

both AN and gm with increasing Tcw (Fig. 6C,D). Extreme average values for these 

two traits are found in mosses, liverworts and angiosperms. While mosses and 

liverworts, located at the lower end of AN and gm, present the lowest Sc/S values 
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(especially in the case of unistratose mosses) as well as the thickest cell walls 

reported for land plants (Waite and Sack, 2010), angiosperms, the group with the 

highest average AN and gm values (Flexas et al. 2018), are characterized by their 

average and extreme highest Sc/S and low Tcw values (Fig. 6A-D). At the center 

of the range, the average values of Sc/S increase stepwise in lycophytes, ferns 

and gymnosperms, while for Tcw these intermediate groups present values within 

the same range. In addition, Tleaf, fias (in the species with proper mesophyll) and 

chloroplast dimensions are also important to establish the total mesophyll 

resistance to CO2 diffusion in all terrestrial plant groups. However, there is no 

clear tendency in any of these parameters considered separately, unlike Sc/S and 

Tcw, which allow explaining the phylogenetic trend previously stated for gm. For 

example, the thinnest leaves are mainly found in mosses and grasses such as 

Oryza spp. (around 5-55 m for unistratose mosses and 50-100 m for Oryza 

spp.), which have the most extreme values reported for gm (Scaffaro et al. 2011, 

Giuliani et al. 2013, Ellsworth et al. 2018, Ren et al. 2019). This is because Tleaf, 

similar to LMA, is a rather complex structural parameter (Niinemets et al. 2009, 

Onoda et al. 2017). Possessing thicker leaves not only involves a lengthening of 

the CO2 pathway across the mesophyll (Niinemets and Reichstein 2003, Evans 

et al. 2009, Tosens et al. 2012b, Earles et al. 2018) but also allows increasing 

the mesophyll volume on an area basis, either for intercellular airspaces (i.e. a 

greater fias), increased cell density by means of more and/or enlarged cells, which 

allows for a greater Sm/S and Sc/S, and/or supporting and/or vascular tissue 

(Terashima et al. 2011, Kuusk et al. 2018). The same happens with the 

chloroplast dimensions, as thicker chloroplasts allow on one side to allocate a 

higher content of Rubisco in the stroma per Sc/S, but on the other side it supposes 

a lengthening of the liquid-phase CO2 pathway (Terashima et al. 2011). Among 

the species in which both gm and leaf anatomy have been determined, the larger 

chloroplast dimensions have been found in lycophytes, followed closely only by 

a few ferns (Chapter 3, Tosens et al. 2016, Veromann-Jürgenson et al. 2017) and 

angiosperms and gymnosperms (Sáez et al. 2017, Kuusk et al. 2018), while the 

smaller chloroplasts have been found in a few mosses and woody angiosperm 

species (Tosens et al. 2012a, Tomás et al. 2013, Peguero-Pina et al. 2017). 



 

 

287 
 

 

Figure 6. Photosynthesis and mesophyll conductance are tightly constrained by two key 

anatomical traits along plant phylogeny. (A) Net photosynthesis (AN) in relation to chloroplast 

surface area exposed to intercellular air space per leaf area (Sc/S), (B) mesophyll conductance 

estimated from chlorophyll fluorescence (gm_FLU) in relation to Sc/S, (C) AN in relation to cell wall 

thickness (Tcw), and (D) gm_FLU in relation to Tcw. Data corresponds to published values from 

Veromann-Jürgenson et al. (2017), Kuusk et al. (2018a, 2018b), the 44 datasets compiled by Ren 

et al. (2019), and from this thesis. 

Once the main anatomical determinants of gm have been revealed in 

pteridophytes, lycophytes and bryophytes, studies are urged to determine the 

role of gm’s biochemical determinants —as well as the short-to-long term 

anatomical adjustments determining gm to environmental changes— in these 

primitive land plant groups.  
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Conclusions 
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A series of conclusions have been achieved, in relation to the main and specific 

objectives. 

 

(1) To provide further insights on how the environment modulates the 

relationship between leaf anatomy and mesophyll conductance to CO2 (gm). 

1. The leaf anatomical traits remained invariable during gm changes induced 

by short-term (seconds to minutes) changes in atmospheric CO2 and/or 

light intensity in tobacco. This result suggests that short-term variations of 

gm could at least partially reflect some artefactual effect and/or are induced 

by non-anatomical components. 

2. Instead, acclimation of gm to increasing growing light intensity was mainly 

explained by anatomical traits in Arabidopsis thaliana. Increases in leaf 

thickness, although resulting in a longer gas-phase diffusion pathway 

within the leaf, allowed for significant increases in mesophyll and 

chloroplast surface area exposed to intercellular airspace per leaf area 

(Sm/S and Sc/S, respectively), directly implying more parallel pathways for 

CO2 liquid-phase diffusion and, thus, larger gm. 

3. Photosynthesis and gm variations along leaf ageing in Arabidopsis thaliana 

were strongly associated with developmental changes in the thickness of 

cell walls and in an impairment between Sm/S and Sc/S, which resulted in 

a decrease in the Sc/Sm ratio in older leaves. 

 

(2) To determine the main leaf anatomy traits influencing mesophyll 

conductance to CO2 across the land plant phylogeny. 

4. Ferns, when compared to angiosperms growing in a common garden, 

exhibited lower photosynthetic rates, stomatal and mesophyll 

conductance and biochemical capacity for photosynthesis. Large 

mesophyll conductance limitations to photosynthesis were mainly 

determined by thicker cell walls and lower Sc/S. 
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5. Lycophyte photosynthesis, a former group of fern allies, was mainly 

determined by mesophyll conductance and biochemical limitations to 

photosynthesis. Thick cell walls and extremely big chloroplasts, 

presumably setting a low Rubisco content per unit chloroplast surface 

area, largely explained their low gm values. 

6. Bryophytes presented the lowest light saturated photosynthesis rates and 

gm among terrestrial plants, which was mostly due to strong mesophyll 

conductance limitation driven by their specific anatomical characteristics: 

the largest cell wall thicknesses and lowest exposure of chloroplasts to cell 

perimeter per leaf area ever reported in land plants. 

7. The conifer Thuja plicata compensated the large resistances to CO2 

diffusion imposed by extremely thick leaves and cell walls by presenting 

the highest Sc/S ever reported for a land plant. T. plicata represents a clear 

outlier in the widely reported relationships between leaf anatomy and net 

photosynthesis, demonstrating that leaves with modified anatomy to 

increase or maintain their mesophyll conductance while increasing their 

stress tolerance are biologically possible. 

8. Cell wall composition was strongly correlated with both cell wall thickness 

and gm in conifers. Species with thicker cell walls presented a larger 

proportion of pectins in respect to both cellulose and hemicelluloses, which 

presumably led to an increased cell wall effective porosity to CO2 diffusion, 

and therefore to a higher gm. The common assumption of an inverse 

relationship between cell wall thickness and effective porosity is discarded, 

at least in conifer species. 

9. A phylogenetic trend towards increased gm is reported for land plants: 

bryophytes<lycophytes<pteridophytes<spermatophytes. The relationship 

between specific leaf anatomical trait relationships and gm is conserved 

throughout land plant phylogeny, with a predominant role of cell wall 

thickness and chloroplast surface area exposed either to intercellular or 

ambient air per leaf area. 
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