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 Annotation 

In this thesis, plant cuticle was not considered only as a protective barrier agains water loss, 

but as a dynamic structure that reflects environmental conditions and may carry a trace of CO2 

concentration and its gradient within the leaf. We used the isotopic composition of 

epicuticular wax to reveal concentration of CO2 in chloroplasts and gradient of CO2 across the 

leaf of hypo- and amphistomatous plants, tested this new model in leaves with distinct 

anatomical structures and described the dynamics of epicuticular wax renewal in young and 

mature leaves. 
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1. General Introduction 

The primary carboxylation enzyme of C3 plants, Ribulose-1,5-bisphosphate 

carboxylase/oxygenase (Rubisco), has a relatively low affinity for carbon dioxide. In addition 

to carboxylation, it also has oxygenation activity, i.e. it can bind oxygen instead of carbon 

dioxide. As a consequence, it functions at less than one-half of its maximum carboxylation 

capacity even with currently globally increasing atmospheric CO2 concentrations (Evans & 

Von Caemmerer, 1996). Despite the current exponential increase in the concentration of CO2 

in the Earth's atmosphere, the transport of CO2 from the atmosphere across the leaf and its 

sufficient concentration in the leaf chloroplasts (together with its carboxylation capacity) is 

one of the main limitations of the rate of photosynthesis and plant growth.  Lack of CO2 in 

chloroplasts creates selection pressure leading to adaptive changes in leaf anatomy, such as an 

increase in mesophyll permeability to CO2, which subsequently result in higher CO2 

concentrations around the Rubisco enzyme. Therefore, in order to understand and exploit 

these adaptive changes, we need a good understanding of the patterns of CO2 fluxes across the 

leaf and the mechanisms regulating them. 

The plants‘ leaves are covered with an extracellular polymeric membrane - the cuticle, 

which is very poorly (almost immeasurably) permeable to CO2. The flow of CO2 into the leaf 

is, as currently understood, controlled almost exclusively by the diffusive resistance of the 

stomata and mesophyll. Our previous data suggest that both of these resistances, and the 

resulting deficiency in chloroplast CO2 supply, may leave a trace in the chemical composition 

of the cuticle, specifically in the content of the naturally occurring stable carbon isotope, 13C. 

Therefore, in this thesis I treat the cuticle in a somewhat unconventional way - primarily as a 

"marker" of diffusive CO2 fluxes, not only as a barrier limiting water flux out and CO2 flux 

into the leaf. 
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1.1. Plant cuticle: structure and functions 

The plant cuticle, or cuticular membrane (CM), is an extracellular product of the epidermis. 

Its evolution is related to the conquest of terrestrial environment by plants around 450 million 

years ago, when plants were exposed to new abiotic and biotic stresses, i.e. desiccation, 

ultraviolet radiation, gravitation or pathogen infections (Kenrick & Crane, 1997; Bateman et 

al., 1998). The CM is almost impermeable to gases and probably evolved prior or co-evolved 

together with stomata, where the gas exchange between plant and atmosphere occurs (Clark et 

al., 2022). These evolutionary innovations went hand in hand with extended root system, 

vascular structures and development of intercellular air space (IAS) (Raven, 2002). 

The CM is a thin, white to translucent membrane with the thickness in the range 1-10 μm 

(Riederer, 2007). It covers all living epidermal cells of the aerial parts of higher plants, i.e. not 

only leaves but also stems or fruits (Heredia, 2003), and forms the interface between the plant 

and the atmosphere (Riederer & Schreiber, 2001). Recently, the cuticle was also detected on 

the root tips, where it is an important protection against abiotic stresses during seedling 

establishment and lateral roots growth (Berhin et al., 2019). On the leaf, we find the cuticle on 

both sides, adaxial (upper) and abaxial (lower), lining the stomata and extending into the 

substomatal cavity, where it covers the free epidermal cells (but not the mesophyll cells) 

(Osborn & Taylor, 1990) (Fig. 1).  

 

 

 

 

Fig. 1: Semi-thin section of F. elastica leaf with 

cross-section of stomal aperture (St.A.) in detail. The 

cuticular membrane (CM) covering the leaf surface 

covers also the surface of antestomatal chamber and 

guard cells and extends into the substomatal cavity. 

Author: Jitka Janová 
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The cuticle developed a unique supramolecular and dynamic assembly of molecules and 

macromolecules that perform multiple functions. It forms a major barrier to water loss 

(Schönherr & Mérida, 1981; Riederer, 1991), reflects UV radiation (Krauss et al., 1997), 

protects leaves from pathogen attack (Serrano et al., 2014; Kalistova & Janda, 2023), and 

helps in keeping the leaf dry and clean due to its hydrophobic nature, so called "lotus effect", 

respectively (Neinhuis & Barthlott, 1997; Watson et al., 2014). This “multifunctionality” is 

given by its heterogeneous structure and variable chemical composition, which differs among 

plant species, organs, depends on the developmental stage and reflects biotic and abiotic 

factors (Knoche et al., 2004; Szakiel et al., 2012; Macková et al., 2013; Serrano et al., 2014). 

Indeed, any defects in cuticle biosynthetic pathways cause defects in cuticle assembly and 

affect organ growth and morphology (Reynoud et al., 2021). The cuticle is not a rigid 

structure, it can change its thickness and chemical composition dynamically depending on the 

leaf environment; in particular, the surface layer of waxes is renewed as erosion occurs (see 

below in Cuticule biosynthesis section). Waxes deposited on the leaf surface continually could 

potentially imprint changes in the internal and external environment of the leaf including leaf 

internal CO2 concentration (see below). 

 

Cuticle composition 

CM is an extracellular product of epidermis and is in direct contact with the underlying 

polysaccharide cell wall of the epidermis. Based on histochemical staining, the CM can be 

divided into two domains: dense, cutin-rich “cuticular layer” with polysaccharides, and 

“cuticle proper” which is enriched in waxes (Fig. 2) (Yeats & Rose, 2013). The intermingled 

polysaccharides in the cuticular layer come probably from the cell wall continuum (Fich et 

al., 2016). 
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Fig. 2: (A) Schematic diagram with major structural features of the cuticle. (B) Transmisson electron 

micrograph image of epidermal cell wall and cuticle of Arabidopsis thaliana stem. Bar = 0.5 μm 

(Yeats & Rose, 2013). 

 

Generally, from the chemical point of view, the cuticle can be divided into two basic 

components: 

i. Cuticle matrix (MX) consisting of insoluble polymer and minor fraction of 

mixture of polysacharides, amino acids and phenols (Nawrath, 2006). The polymer is formed 

from cutin and/or cutan and is the major component of the MX (making up 40 to 75% of the 

total MX weight) (Schreiber & Schönherr, 2009). Cutin is a network of oxidized C16 and C18 

fatty acids and its derivatives1 linked by an ester bond, forming a mechanically resistant 

network (Nawrath, 2006). The profile of cutin monomers vary among species, organs or 

developmental stages, and its chemical properties indicate the possibility of branching and 

cross-linking between different chains and dendrimers (Fich et al., 2016). In order to analyse 

the chemical composition of cutin, it must first be depolymerised by ester cleaving acid-

catalysed transesterification. Rarely, a highly resistant biopolymer remains after extraction 

and hydrolysis of the cuticle, which has been termed cutan or non-ester cutin (Schmidt & 

Schönherr, 1982; Nip et al., 1986). Cutan is considered a minor cuticular component in most 

plant species, but there are documented cuticles with significant amounts of cutan, f. e. 

Podocarpus sp., Agave americana, Clusia rosea, Clusia multiflora, Clivia miniata, Ficus 

elastica or Prunus laurocerasus (Boom et al., 2005; Gupta et al., 2006; Guzmán-Delgado et 

al., 2016). All above mentioned species have similar leaf morphological characteristics such 

as succulent or thick leaves with thick cuticle (Boom et al., 2005; Leide et al., 2020). The 

study of cutan composition requires employment of advanced spectroscopic and gas 

 
1 Monomers typically have a terminal hydroxyl (ω-OH) and one or more oxygen groups in the 

midchain, most commonly hydroxy or epoxy groups (Fich et al., 2016). 
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chromatographic techniques, as described, f.e., in Leide et al. (2020). Nevertheless, the 

analyses of chemical composition do not provide us with information about the arrangement 

and structure of polymers in the MX. Nowadays, there are accessible methods for studying 

the intact polymer that employ several variations of solid-state nuclear magnetic resonance 

(Serra et al., 2012). 

ii. The second fraction, cuticular waxes, consist of a mixture of linear molecules 

with a long carbon chain (18 to 34 C) and various functional groups, mainly acids, alkanes, 

aldehydes, ketones, primary and secondary alcohols and esters (Samuels et al., 2008; Yeats & 

Rose, 2013). Pentacyclic triterpenoids and small amounts of aromatic compounds may also be 

present (Jetter et al., 2006; Samuels et al., 2008). The amount of the loaded wax dispersed at 

the surface and within the cuticle vary across plant species as intra-species, depending on the 

organ, ecotype and growing conditions, with the range from 20 to 1300 μg · cm-2 (Schreiber 

& Riederer, 1996). 
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Fig. 3: Cryo-SEM visualisation of abaxial leaf side of Arabidopsis thaliana (thale cress, A-B), 

Papaver somniferum (breadseed poppy, C-D) and Brassica napus (rapeseed, E-F) with different EW 

arrangement. Authors: Kalistová and Janová. 

 

Depending on their deposition, waxes are divided into intracuticular (IW), embedded in 

the cutin polymer, and epicuticular (or extracuticular) waxes (EW) deposited on the surface 

(Buschhaus & Jetter, 2011). Epicuticular waxes can form amorphous films or characteristic 

microcrystals visible with a scanning electron microscope (Fig.2 and 3) as described already 

more than 50 years ago by Amelunxen et al. (1967). They proposed five main classes of EW 
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structures: Grains, rods and filaments, plates and scales, films and crusts, and fluid and 

greasy wax layers. The classes were later divided into more subclasses as imaging technique 

improved and provided better resolution (Barthlott et al., 1998). All waxes can be easily 

extracted by immersion the isolated CM2 in a polar solvent such as chloroform or hexane 

(Post-Beittenmiller, 1996). However, enzymatic isolation of CM is not possible in all plant 

species, especially those with thin leaves and delicate membranes. In such case, the method of 

immersing whole fresh leaves into the solvents is used. Nevertheless, this method is not 

optimal, because it is necessary to choose such a “dipping-time” to obtain as much wax as 

possible (included IW) and still avoid solvent penetration into the leaf tissue and extraction of 

compounds from it. Recently, Vráblová et al. (2020) modified the method for enzymatic 

isolation for the model plant, Arabidopsis thaliana, which works well for other species as 

well, for example in Brassica juncea (Yadav et al., 2023), Papaver somniferum or Brassica 

napus (Kalistová and Janová, not published). 

Another option is selective mechanical removal of EW, which can be performed from the 

isolated CM or intact leaf by several methods: Gum arabic dissolved in water (Jetter & 

Schäffer, 2001), cellulose acetate dissolved in acetone (Silcox & Holloway, 1986), collodion 

(nitrocellulose) dissolved in diethyl ether:ethanol (Haas & Rentschler, 1984) or cryo-

adhesive-based wax removal by a droplet of glycerol or water (Jeffree, 1996; Jetter et al., 

2000). For a comparison of methods and yields, see e.g. Jetter et al. (2000), Zeisler & 

Schreiber (2016) or Kalistová et al. (publication under preparation). 

This selective wax isolation helps to understand the function of distinct parts in the 

function of the whole cuticle, for example regarding the main function, the barrier against 

water lost. It is known for a long time that after extraction of all waxes (EW and IW), the 

cuticular permeability to water increases by two to three orders of magnitude (Schönherr, 

1976; Schönherr & Riederer, 1989; Schreiber & Schönherr, 2009). It was shown by selective 

removing of EW that the transpiration barrier is essentially formed by IW (Zeisler & 

Schreiber, 2016; Zeisler-Diehl et al., 2018).  

 

In general, the recent data showed that functions of the cuticle cannot be assessed solely 

by its chemical composition but arise from the spatial organization of molecules and 

 
2 In some plant species, the CM can be isolated by incubation in an enzymatic mixture of pectinase 

and cellulase (Schönherr & Riederer, 1986). The CM is then detached from the epidermis and can be 

dipped in the solvent. 
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macromolecules, i.e. from the 3D architecture (Reynoud et al., 2021), and probably as well 

from the dynamics of synthesis and regeneration. I believe that the future research will go in 

this direction and reveal more information about CM functions that could be inspiring for 

people, such as manufacturers of functional materials.  

 

Cuticle biosynthesis  

The biosynthesis pathway of CM precursors is fairly well characterized even at the level of 

key genes and enzymes (Fig.4), but there are still a few white spaces, especially in the area of 

fatty acids (FA) and very long chain fatty acids (VLCFA) transfer and cuticle assembly. The 

beginning, synthesis of FA in plastids of the epidermal cells, is common to cuticle and wax 

precursors. It is catalysed by FA synthase complex (FAS) which adds acetyl moiety of 

malonyl-CoA (two-carbon activated part) to acyl primer repeatedly (8-9 times) to form 16- or 

18-carbon long saturated FA (Kunst & Samuels, 2009; Ohlrogge et al., 2015). The malonyl-

CoA originate from the two-carbon acetyl in acetyl-CoA, which is formed from pyruvate by 

its oxidative decarboxylation catalysed by pyruvate dehydrogenase (Ohlrogge et al., 2015). 

C16 and C18 FAs are consequently transported into the cytoplasm and endoplasmic reticulum 

(ER) by so far unknown mechanism. At the outer plastid membrane or ER (depending on the 

enzyme localization), FA chains are activated by long-chain acyl-coenzyme A synthases 

(LACSs) to FA-coenzyme A (FA-CoA) (Jessen et al., 2015; Zhao et al., 2021). At the ER, the 

biosynthesis pathway splits and continue separately for cutin and waxes. 

The cutin synthesis proceeds in ER by ω-hydroxylation and/or hydroxylation to form 

oxygenated fatty acid-glycerol esters, termed monoacylglycerols, often in the presence of 

cytochrome P450 (CYP) enzymes (Pollard et al., 2008; Fich et al., 2016). The final step in 

cutin monomers synthesis is esterification of the precursors (Ohlrogge et al., 2015). 

The wax synthesis continues at the ER by elongating of the activated FA-CoA catalysed 

by enzyme FA elongase (FAE). FAE ads two carbons in each cycle to synthesize a very long 

chain (VLC) acyl-CoA (Samuels et al., 2008), which are further modified via either the 

alcohol-forming pathway (generating primary alcohols and wax esters) or the alkane-forming 

pathway (producing alkanes, aldehydes, secondary alcohols, and ketones) (Ohlrogge et al., 

2015). Primary alcohols are produced from VLC acyl-CoAs by acyl desaturase 

ECERIFERUM17 (CER17) by conversion to monounsaturated FAs, which are subsequently 

reduced by fatty acyl-CoA reductase (FAR) (Yang et al., 2017; Wang et al., 2020). Primary 
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alcohols and VLC acyl-CoAs can further serves as precursors for wax synthase/acyl-

CoA:diacylglycerol acyltransferase1 (WSD1) producing wax esters (Yeats & Rose, 2013; 

Ohlrogge et al., 2015). The alkane forming pathway involves CER1/CER3/CYTB5 complex, 

which converts VLC acyl-CoAs to aldehydes and subsequently to alkanes (Yeats & Rose, 

2013; Wang et al., 2020). The later mentioned can be further hydroxylated to secondary 

alcohols and secondary oxidised to ketones by midchain alkane hydroxylase1 (MAH1) (Greer 

et al., 2007; Samuels et al., 2008). 

The biggest uncertainties are about the transport mechanism of cutin monomers and 

VLCFA through the plasma membrane and cell wall into the CM. Almost certainly ABC 

(ATP-binding cassette) transporters from the G subfamily are involved in the traffic of some 

wax and cutin precursors through plasma membrane (Bessire et al., 2011; Yeats & Rose, 

2013; Ohlrogge et al., 2015; Wang et al., 2020). Another proposed option is the direct transfer 

of cutin monomers from the ER across plasma membrane at their point of touch (Samuels & 

McFarlane, 2012; Fich et al., 2016). The following step is transport of hydrophobic cuticle 

precursors via the hydrophilic polysaccharide cell wall, which might be facilitated by some of 

lipid transfer proteins (LTPs) (Edstam et al., 2011; Yeats & Rose, 2013; Ohlrogge et al., 

2015; Salminen et al., 2016) or spontaneously with the water similarly to the steam 

distillation mechanism (Neinhuis et al., 2001). 

The final step, assembly of functional cuticle, occurs in the cuticle layer. Cutin monomers 

are cross-linked with ester bonds between carboxyl group of one fatty acid and the primary or 

secondary hydroxyl group of another one forming polyester matrix (Ohlrogge et al., 2015). 

There are two proposed mechanisms of the polymerisation: via enzymatic pathway (Yeats & 

Rose, 2013; Fich et al., 2016; Segado et al., 2020) or with the help of cutinosomes, spherical 

nanostructures capable of self-assembly only through physicochemical processes (Heredia-

Guerrero et al., 2008; Stępiński et al., 2020; Xin & Herburger, 2021).  

The cuticular matrix is synthesized early in leaf development3 and is not renewed for the 

rest of ontogeny (Riederer & Schönherr, 1988; Kubásek et al., 2023). In contrast cuticular 

waxes are gradually eroded by wind or rain and are thus constantly renewed. Gao et al. (2012) 

determined the wax renewal time in timothy, Phleum pratense, to be 2-3 days for C16 and 

C18 acids, 5-16 days for waxes with carbon chain lengths C22-C26, and 71-128 days for the 

 
3 The base of cuticle, procuticle, covers the very earliest epidermal cells in the shoot apices and leaf 

primordia. It is an electron-dense layer approximately 20 nm thick visible with transmission electron 

microscopy (Jeffree, 2007). 
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very long chain (VLC) component of waxes (C27 to C31). The composition of newly 

synthesized waxes may change in response to ontogenetic leaf development (Jetter & 

Schäffer, 2001) or seasonal conditions (Kerfourn & Garrec, 1992). We can conclude that wax 

synthesis is ongoing processes during the whole period of leaf growth (Prasad & Gülz, 1990; 

Hauke & Schreiber, 1998; Piasentier et al., 2000; Jetter & Schäffer, 2001; Suh & Diefendorf, 

2018). The wax may be re-deposited even in mature leaves within a period of days or weeks 

as is described in the literature (Koch et al., 2004; Kahmen et al., 2011; Gao et al., 2012), in 

Article II (Kubásek et al., 2023). Given this wax re-synthesis of waxes, we hypothesize that 

the extracted waxes carry a better signal about the external environment or changes in the 

external conditions compared to MX or whole CM. Therefore, we recommend using only 

extracted wax to estimating the CO2 concentration profile inside the leaf, as we did in Article 

III (Janová et al., 2024). 

 

 

Fig. 4: Scheme of Cuticle biosynthesis showing crucial proteins: FA synthase complex (FAS), 

long-chain acyl-coenzyme A synthase (LACS), cytochrome P450 enzymes (CYP), FA elongase (FAE), 

(GPAT), eceriferum17 (CER17), fatty acyl-CoA reductase (FAR), wax synthase/acyl-

CoA:diacylglycerol acyltransferase (WSD), eceriferum1, eceriferum 3 and cytochrome B5 complex 

(CER1/CER3/CYTB5), midchain alkane hydroxylase 1 (MAH1), G subfamily of ATP-binding 

cassette (ABCG), lipid transfer proteins (LTPg and tLTP). Modified from Kalistova & Janda (2023). 

Created with BioRender.com. 
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Cuticle, leaf and stomata development 

As mentioned above, colonisation of the land by plants was connected to the cuticle 

evolution. From the fossil findings we have evidence of the CM in all extinct embryophytes 

from bryophytes to angiosperms (Edwards, 1993; Haworth & McElwain, 2008; Budke et al., 

2012). Its main function may be protection against water loss, but this is far from the only 

feature, the CM also plays a crucial role in plant development. Morphological abnormalities, 

especially fusion of organs (leaves, floral organs), were observed in mutants with defective 

cuticle. Lolle et al. (1992) characterized a fiddlehead (fdh) mutant with fused leaves and floral 

organs. Histological analysis showed that the cell wall and cytoplasmic membrane remained 

intact, and leaf fusion was caused only by a change in cuticle structure (Fig. 5). Also, 

mutations in other genes of the cuticle/cuticular wax synthesis pathway led to a phenotype 

similar to fdh (e.g. the eceriferum group of mutants) indicating the importance of cuticle 

composition in plant development (Lolle et al., 1998). 

 

 

Fig. 5: Schematic illustration of developed leaves in: A) Wild type plants with normal cuticle. 

B) Mutant plant with defective cuticle causing leaf fusion. Schematic diagram of growth morphology 

(left), leaf cross-section (middle part) and epidermis ultrastructure (right). Abbreviations: C-cuticle; 

CW-cell wall; CP-cytoplasmic membrane. Accoding to Tanaka & Machida (2006). Created with 

BioRender.com. 
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Another interesting interconnection seems to be between cuticle and stomata 

development. The fossil records indicate that cuticle evolved slightly prior or co-evolved 

together with stomata (Clark et al., 2022). Some genes involved in cuticular wax and cutin 

biosynthesis are also known to be involved in the control of stomatal development in 

A. thaliana, enabling shared regulation pathway of stomatal development and cuticular 

properties. Gray et al. (2000) described the HIGH CARBON DIOXIDE (HIC) gene, which 

regulates stomatal development in response to CO2 concentration4 and is homologous to the 

gene encoding a beta keto-acyl Co-A synthase involved in the synthesis of VLC fatty acids, 

i.e. in the synthesis of cuticle and waxes. The hic mutant failed in regulation of SD in 

response to changing ca. Two other mutations in wax synthesis, cer1 and cer6, also show a 

similar phenotype to hic mutants (Gray et al., 2000). Aharoni et al. (2004) observed shn 

mutant with significantly increased wax amount and decreased SD compared to wild type. 

Finally, gene MYB16 encodes a transcription factor involved in cutin biosynthesis and is 

expressed in stomatal lineage ground cells. Its mutation breaks the one-cell spacing rule5 

producing clustered, directly touching stomata, due to disruption of polarity during cell 

division (Yang et al., 2022). As well our data of “stomatal mutants” (StRNAi, epf1,2 and tmm) 

indicate that changes in SD positively correlate with the amount of epicuticular waxes by so 

far unknown mechanism which seems to be side specific (Fig. 6, Hronková et al., under 

preparation). In barley (Hordeum vulgare), the wax-deficient cer-g (glossy sheath5) mutant 

shows the phenotype with stomatal clustering (Zeiger & Stebbins, 1972). Recent study on 

cer-g and related cer-s mutants suggested that YDA and BRX-domain factors control multiple 

epidermal specialisations including stomatal and cuticle development in barley (Liu et al., 

2022b).  

 

 

 

 
4 Usually, increased ambient CO2 concentration (ca) leads to decreased SD on leaves. 
5 „One-cell spacing rule“ ensures insertion of at least one pavement cell between stomata, which 

ensures proper pore function (Dow et al., 2014). 
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Previous studies suggest that information about the external environment (irradiance, CO2 

concentration) is perceived by photosynthetically active organs and transmitted to the newly 

forming leaves via a so far unknown systemic signal (see Fig. 7) (Lake et al., 2001; Miyazawa 

et al., 2006; Šantrůček et al., 2014; Dutton et al., 2019). Cuticular waxes could be involved in 

this pathway, e.g. depending on their composition they could influence the mobility of this 

signal (Bird & Gray, 2003; Engineer et al., 2016). These hypothesis supports a fact, that 

stomatal cells’ wax load probably differs from the pavement cells’ wax composition 

(Karabourniotis et al., 2001; Yu et al., 2008), and thus the signal can be side-specific, varying 

with stomatal density. This area certainly deserves further research which would unravel the 

mechanism behind coordinating cuticle and stomatal development. 

 

 

 

 

 

 

 

Fig. 6: (a) Stomatal density (SD) of wild type and three A. thaliana mutants (StRNAi, epf1,2 ant 

tmm) separately for adaxial (bold red for wt and black for mutants) and abaxial leaf side (light red for 

wt and white for mutants). Medians and standard errors are shown. (b) Correlation between wax 

amount and SD shown separately for adaxial (solid line) and abaxial leaf side (dashed line). 
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Fig. 7: Information about light conditions and 

atmospheric CO2 concentration is perceived by the 

fully autotrophic leaves. The signals are further 

transmitted by an unknown systemic signal to the 

newly forming leaves, where they regulate SD/SI 

[J. Janová, adapted from Lake et al. (2002)].  
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1.2. Mesophyll conductance for CO2 

The main property of plant cuticle is its impermeability for gases, which means that it limits 

not only the loss of water from the leaf to the atmosphere, but also the uptake of CO2 in the 

leaf and ultimately the chloroplast of the mesophyll cells. Thus, CO2 must enter the leaf 

through the stomatal pores located in the epidermis and then through the mesophyll. Both 

structures represent barriers that significantly reduce the CO2 concentration in the substomatal 

cavity (ci) and subsequently in the chloroplast (cc). The decrease in the concentration of cc 

compared to its concentration in the air around the leaf (ca) is caused by the carboxylation 

activity of the enzyme Rubisco. The magnitude of the concentration gradient depends on the 

rate of CO2 assimilation and the rate of CO2 transport and considerably affects the rate of 

photosynthesis (An) and thus plant growth (Evans et al., 2009). CO2 enters chloroplasts from 

the atmosphere through a process of diffusion, i.e. the spontaneous movement of molecules 

from the sites of their higher concentration to the sites of lower concentration. The flux 

density (J) for a particular compound indicates the number of molecules that move per unit 

area per unit time (e.g. mol∙m-2∙s-1). The main driver of this process is the concentration 

gradient along the path, 𝑑𝑐/𝑑𝑥 (dc = concentration difference, dx = path length in the x-

direction). The total flux density is then expressed as: 𝐽 = −𝐷 ∙
𝑑𝑐

𝑑𝑥
 , where D is the diffusion 

coefficient (i.e., diffusivity) for a given molecule. The value of D depends on the temperature, 

and nature of the medium (Nobel, 2005). The integrated form of the equation of flux, J, is 

analogous to Ohm's law, where D/dx is called conductance, g, and denoted dc is the difference 

in concentration at the beginning and end of the diffusion path. 

During its journey from the atmosphere, CO2 must overcome a series of diffusion barriers, 

the main ones being the stomata and the path from the sub-stomatal cavity to the mesophyll 

cells, in whose chloroplasts CO2 is biochemically fixed. These diffusion barriers can be 

described by two quantities: i) resistances (r; m2 s mol (CO2)
-1) which can be added in a 

series; or ii) the inverse value, conductance (g =1/rm; mol (CO2) m
-2 s-1), which is added when 

the diffusion pathways are arranged in parallel and is more convenient due to its linear 

relation with flux, such as An (Fig. 8). 

At present, relatively much is known about the control of the stomatal conductance (gs) 

and its effect on the flow of gases (i.e. not only CO2 from the atmosphere inside the leaf, but 

also water evaporation in the opposite direction), for recent reviews see (Buckley & Mott, 

2013; Engineer et al., 2016; Lawson & Matthews, 2020; Li et al., 2022). The magnitude of gs 

is determined by the size, opening and density/distribution of the stomata. The number of 
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stomata per leaf is determined early during the leaf ontogeny (Simmons & Bergmann, 2016). 

We have fairly good understanding of stomatal development at the molecular level [for recent 

review see Chen et al. (2020) or Zoulias et al. (2018)] and the influence of environment, i.e. 

irradiation, CO2 concentration, temperature or relative humidity, on stomatal development 

(Xu et al., 2016; Driesen et al., 2020; Han et al., 2021). Moreover, we can quantify 

instantaneous gs using gas-exchange measurements of transpiration and photosynthesis rates 

and calculate both gs and ci (Gaastra, 1959) and thus monitor the regulation of gs in response 

to, e.g., changes in irradiance, temperature, water stress, etc (Driesen et al., 2020). In the long-

term, we can calculate ci integrated over the leaf lifespan from the isotopic composition (δ13C) 

of dry leaf tissue (Farquhar et al., 1982). 

On the other hand, mesophyll conductance is still understudied. The original assumption 

that gm is infinitely large, as was assumed for simplicity when mathematical models of 

photosynthesis were constructed in the 1980s (Farquhar et al., 1980, 1982), has been 

overcome. On the contrary, the concept of dynamics and plasticity of gm is now generally 

accepted and the causes and especially the regulation of these are still being sought (Vrábl et 

al., 2009; Flexas et al., 2013; Liu et al., 2022a). The value of gm range between 0.05 and 0.45 

mol (CO2) m
-2 s-1 and the variability is given by the plant species, leaf age or environmental 

conditions (Flexas et al., 2008, 2012, 2018). 

Mesophyll conductance, gm, can be divided into two main parts: 1. gas-phase conductance 

(gIAS), i.e. CO2 transport through intercellular spaces; 2. liquid-phase conductance (gliq), i.e. 

diffusion pathways in the cell wall and inside cells (see Fig. 8). Working with the resistances 

(r = 1/g) brings us possibility to sum the resistance arranged in series, so the total rm can be 

expressed as: 𝑟𝑚 = 𝑟𝐼𝐴𝑆 + 𝑟𝑙𝑖𝑞. 
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Fig. 8: The scheme of conductances (g) and concentrations (c) on CO2 pathway from the ambient 

atmosphere (ca) through unmixed leaf boundary layer (cs), stomatal pore into the sub-stomatal cavity 

(ci) and via the mesophyll into chloroplast (cc). Three parts of mesophyll conductance (gm) are 

displayed in detail in the right part of the picture: conductance through intercellular air space (gIAS), 

conductance through cell wall (gCW) and chloroplast’s envelopes (gchl). The two components 

mentioned later form together liquid part of mesophyll resistance (rliq). The scheme also shows the 

boundary layer (bl) and the coresponding conductance (gb), stomatal conductance (gs), cell wall (CW), 

epidermal cells and cuticle. 

 

Gas phase mesophyll conductance, gIAS 

The length and shape of the CO2 diffusion pathway through the intercellular spaces is mainly 

influenced by leaf thickness, cell shape and mesophyll compactness. At the scale of a few 

cells, the gIAS must be anisotropic, i.e., variable depending on the direction. It will vary with 

respect to the anatomy of the surrounding cells depending on whether it is a compact palisade 

parenchyma or cells of a more porous spongy parenchyma. gIAS may also be affected by the 

density, distribution and size of the stomata. These leaf parameters may contribute to overall 

gIAS, and they may also proportionally vary the importance of diffusion for CO2 in the lateral 

direction (i.e. parallel to the epidermis) and across the leaf (Morison et al., 2005). 

Traditionally, a two-dimensional model has been used for simplification of the model of CO2 
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flux through the leaf. However, as recently pointed out by Earles (2018), we should 

acknowledge the importance of 3D structure of IAS. 

 

Some plant species have vascular bundle sheath extensions up to both epidermes, creating 

a physical barrier to lateral diffusion of gases within the leaf. This separates the individual 

compartments "served" in terms of gas exchange by their own group of stomata and 

hermetically isolates them from the adjacent compartments. Such a leaf is called a heterobaric 

leaf (examples of heterobaric plants are the grape vine, Vitis vinifera; the rough cocklebur, 

Xanthium strumarium; or the sunflower, Helianthus annuus, see Fig. 9) and the physical 

barriers affect the lateral diffusion of CO2 in the IAS. Nevertheless, most plants are 

homobaric, do not form complete barriers and CO2 diffusion can take place across the leaf in 

all directions (Terashima, 1992). 

 

Liquid phase mesophyll conductance, gliq 

Liquid phase of gm begins with the dissolution of CO2 as it passes through the mesophyll cell 

wall, plasma membrane, cytoplasm and chloroplast envelopes into the stroma. The diffusion 

of CO2 in the liquid phase is four orders of magnitude slower than in the gas phase and 

accounts for most of the mesophyll limitation (Mizokami et al., 2022). Three main traits have 

been emphasized as the key factors responsible for gliq: the chloroplast surface area exposed 

to the intercellular airspace per leaf area (Sc/S), mesophyll cell wall thickness (Tcwm), and 

chloroplast thickness (Tchl); however, their relative importance varies and is still largely 

unknown (Veromann-Jürgenson et al., 2020). These physical features of leaf anatomy seem to 

Fig. 9: A semi-thick leaf cross-

section of heterobaric sunflower 

(H. annuus). The arrow shows bundle 

sheath extension connecting upper 

and lower epidermis, thus forming 

hermetically sealed compartments 

(author: Jitka Janová).  
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model the maximum gm (Peguero-Pina et al., 2017; Han et al., 2018; Tosens & Laanisto, 

2018). The above mentioned parameters vary considerably between plant species, but even 

within one species there is a great deal of variability when comparing individuals growing in 

different conditions, e.g. light intensity (Hanba et al., 2002; Piel et al., 2002; Warren et al., 

2007). 

 

Techniques for measuring mesophyll conductance, gm 

Techniques for calculating total gm (and thus cc) are now available [for a review see Pons et 

al. (2009)], starting from Fick's law, we can define gm as:  

 𝑔𝑚 = 𝐴𝑛/(𝑐𝑖 − 𝑐𝑐)  (1) 

where An = CO2 assimilation rate. There are two frequently used methods for estimating 

gm (or rm) which provide reliable and reproducible data; combinations of gas exchange 

measurements with (1) chlorophyll fluorescence or (2) 13C isotope discrimination 

measurements (Pons et al., 2009). There are other proposed but not widely accepted methods, 

i.e. curve-fitting method (exclusively from gas exchange measurement). For all mentioned 

methods, reliable gas exchange data are needed. Especially modulation of gas exchange by 

light or CO2 availability can provide information on a wide range of biochemical and 

biophysical limitations on photosynthesis (Long & Bernacchi, 2003), and is essential for 

correct gm measurements. 

The first method is based on the relationship between the net CO2 assimilation rate (An), 

rate of photosynthetic electron transport (J), and cc. The model is based on Farquhar et al. 

(1980) as follows: 

  𝐽 = (𝐴𝑛 + 𝑅𝐿)
4𝑐𝑐+8𝛤∗

𝑐𝑐−𝛤∗  (2) 

where RL is the rate of mitochondrial respiration in the light and Γ* is the CO2 

compensation point in the absence of RL. The factor 4 denotes the minimum electron required 

for carboxylation. The flux rate J is calculated from fluorometry measurement according 

Genty et al. (1989) as follows: 

 𝐽 = 𝛼 ∙ 𝛽 ∙ 𝑃𝑃𝐹𝐷 ∙ 𝜙𝑃𝑆𝐼𝐼 (3) 

where ϕPSII is the photochemical yield of photosystem II estimated from fluorescence, 

PPFD is the photosynthetic photon flux density, α is the leaf absorptance and β denotes the 
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fraction of photons absorbed by PSII. With the knowledge of An (estimated from gas-exhange 

measurements) and cc (combination of Eq. 2 and 3 and), gm can be calculated according to 

Eq. 1. This original model includes some assumptions and simplifications which were 

corrected and implemented in the calculation during following decades (Di Marco et al., 

1990; Harley et al., 1992; Flexas et al., 2007; van der Putten et al., 2018). 

The second method, combinations of gas exchange measurements with 13C isotope 

discrimination, was used first by Evans et al. (1986) and exploits the isotopic fractionation 

occurring during photosynthetic CO2 fixation. More specifically, the isotopic composition of 

CO2 changes on its pathway from the atmosphere to the chloroplasts’s stroma due to the 

slower diffusion of 13CO2 in comparison to lighter 12CO2. In addition to this diffusional 

discrimination of 13C, preferential carboxylation of 12CO2 by enzyme Rubisco results in 

depletion of first assimilates (trioses) in 13C isotope. The isotopic composition of primary 

sugars depends on and the cc/ca ratio and the fractionation factors (constants) during diffusion 

and carboxylation (Farquhar et al., 1982). For the physical background of fractionation see 

the section Basics of discrimination of heavy stable isotope 13C by plants below. Comparison 

of the modelled 13C discrimination assuming zero mesophyll resistance with the 

experimentally measured discrimination allows calculation of cc.  Again, the knowledge of cc, 

based on 13C fractionation measurements and calculation, and An and ci, estimated from gas-

exchange measurements, allow calculation of gm. 

Unfortunately, there is no direct method to measure the resistance of the individual leaf 

structures on the CO2 pathway, and so we cannot fully assess their relative contribution to the 

total mesophyll resistance. Both of the mentioned models neglect the complexity of the leaf 

anatomy and simplify the leaf interior to a 2D plane with one average CO2 source, the 

atmosphere in the substomatal cavities. Separate measurements of the effect of intercellular 

spaces on CO2 diffusion were attempted in the 1990s by Parkhurst and Mott (1990). They 

compared the rate of net photosynthesis (An) as a function of CO2 partial pressure in the 

substomatal cavity (pi) in normal air and in an artificial gas mixture - helox - in which 

nitrogen is replaced by helium. Because of the lower average molecular weight of helox than 

air, the mean free path of molecules, and thus CO2 diffusion, is 2.3 times faster in helox, so 

that the gIAS is proportionally larger in the helox atmosphere than in air. Higher diffusive 

conductance led to an increase in An at a constant pi by 3-37% in hypostomatic leaves (having 

the stomata exclusively on the abaxial leaf side) and by -2 to 7% for the amphistomatic leaves 

(with stomata on both leave sides) (see Fig. 10). It can therefore be concluded that the effect 
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of gIAS is more significant in leaves with stomata exclusively on the abaxial leaf side, where 

the pathway for gas exchange is longer. Other important roles may be played by leaf 

anatomical characteristics, such as leaf thickness, the size of the intercellular air space (IAS) 

or the stomatal density (SD).  

 

 

 

Fig. 10: A-pi courves for 

amphistomatous soybean 

(Glycine max) and 

hypostomatous Schefflera. 

Gas measurement in normal 

air and in helox is shown 

(Parkhurst & Mott, 1990). 

 

Syvertsen et al. (1995) suggested a model for estimating rIAS and rliq derived from leaf 

anatomical traits (e.g. LMA, proportion of intercellular air space or leaf thickness). This 

model showed a contribution of rIAS over rm between 23 and 48 % for three analysed 

hypostomatous species (Citrus, Macadamia and Prunus). It should be noted that rm and its 

fractions were not measured directly, only modelled from the leaves’ cross-sections. 

The other proposed technique uses pulsed photoacoustics to measure oxygen diffusion as 

a proxy for CO2 diffusion in liquid phase of the mesophyll. The photoacoustic method tracks 

leaf photosynthesis as pressure waves caused by the conversion of absorbed light to heat and 

oxygen evolution in the photosystem II. Comparison of photoacoustics data (rliq) and total rm 

calculated from photosynthetic rate showed that 92 % of rm belongs to rliq, and the remaining 

8 % to rIAS. (Gorton et al., 2003). 

Recently, Earles et al. (2018) and Theroux-Rancourt and Gilbert (2017) pointed out the 

importance of the 3D complexity of leaves. By introducing tortuosity, lateral path length 

reflecting stomatal patchiness, and IAS connectivity into a model for gIAS, they found an 

average reduction in gIAS by 3.5 % in C3 plants and of 37 % in plants with CAM metabolism 

(Earles et al., 2018). Their 3D image-processing technique can provide detailed information 
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about the CO2 pathway through the leaf mesophyll, but it requires x-ray microcomputed 

tomography imaging and is time-consuming.  

We proposed another possibility for quantifying the proportion of rIAS and rliq using the 

occurrence of stable carbon isotopes (12C and 13C) in cuticular membrane (CM) and waxes 

extracted separately from the upper (adaxial) and lower (abaxial) leaf side. This method is 

based on 13C isotope discrimination during diffusion and photosynthetic carboxylation, which 

are proportional to the local CO2 concentration (Farquhar et al., 1982). For the basics of 

carbon fractionation see model derivation, method description and results in the Article I 

(Šantrůček et al., 2019) and Article III (Janová et al., 2024).  
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1.3. Basics of discrimination of the heavy stable isotope 13C by plants 

Since I worked with stable carbon isotopes (12C, 13C) throughout the whole PhD study and we 

used analysis of 13C distribution (δ13C) in all reported papers, the following section introduces 

the basic concepts and laws of isotopic fractionation in terrestrial plants. 

There are two stable isotopes of carbon in the Earth's atmosphere, 98.89% of 12C and 

1.11% of one neutron heavier 13C. Plant tissues are depleted in 13C content compared to the 

atmosphere, which is due to discrimination of 13CO2 mainly during the carboxylation reaction, 

and partly also during diffusion of CO2 through stomata and mesophyll. Farquhar et al. (1982) 

discovered the correlation of the carbon isotope ratio (13C/12C) in plant biomass with the CO2 

concentration in the intercellular air space, ci. This helped to understand the observations that 

the degree of 13C depletion is related to environmental conditions affecting stomatal 

conductance and leaf photosynthetic rate, e.g. water availability or irradiance: both An and g 

affect ci. 

During the journey of carbon dioxide from the atmosphere to the chloroplasts, the relative 

abundance of 13CO2 and 12CO2 molecules changes, so the isotopic signal changes. The content 

of the different isotopic forms (isotopologues) of CO2 is measurable, is denoted by the Greek 

letter δ, which expresses the relative difference in 13C isotope content between the sample and 

the standard, and is given in per mill (Urey, 1948). 

𝛿13𝐶 =  (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) ∙ 1000 (‰)  (4) 

where R is isotopic ratio6. 

The change in isotope ratio in course of a reaction can also be expressed as a big delta, Δ, 

which indicates the change in isotope ratio in the product (i.e. the plant) compared to the 

initial substrate (i.e. the atmosphere). Thus, unlike δ, Δ does not refer to the international 

isotope standard but to the source. If we know the δ values of the plant tissue and of the 

atmosphere, we can calculate Δ as: 

 𝛥 =
𝛿𝑎−𝛿𝑝

1+𝛿𝑝/1000
  (5) 

 

 
6 R = (minor isotope abundance)/(major isotope abundance), i.e. 13C/12C in the case of carbon 

 Rstandard is the ratio of minor and major isotope abundances in the internationally used standard 

(V)PeeDee Belemnite, Rstandard (13C/12C) = 1,1180 · 10-2  
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The change in the isotope composition of plant versus the atmosphere (Δ) is due to (i) 

kinetic isotope fractionation of CO2 during diffusion in a gaseous environment; CO2 

molecules enter the leaf interior from the atmosphere by diffusion through stomata, with 

heavier molecules diffusing more slowly than lighter ones, causing a depletion in 13CO2 that 

can be quantified by a fractionation factor of εa = 4.4 ‰ (O’Leary et al., 1981). In the case of 

diffusion in the boundary layer, the fractionation factor is smaller due to laminar flow, with an 

empirical measurement of εh = 2.9 ‰. 

(ii) a small fractionation also occurs during dissolution of CO2 in water, which is required 

for transport through the water saturated cell wall (εs = 1.1 ‰) and during diffusion through 

the cell wall and cytosol (εw = 0.7 ‰) (O’Leary et al., 1981). 

iii) kinetic isotope fractionation during photosynthetic CO2 fixation; the enzyme 

Rubisco (ribulose-1,5-bisphosphate carboxylase, oxygenase) mediates the binding of the CO2 

molecule to the five-carbon sugar ribulose-1,5-bisphosphate (RUBP) in the chloroplast 

stroma. Because of the extra neutron, 13CO2 is less likely to seed the Rubisco reaction centre 

and the product is therefore depleted of 13C by a factor of 30 ‰ (εb = 30‰). This mode of 

carboxylation is present in so-called C3 plants, but even in these plants approximately 5-10 % 

of the carbon is obtained by another carboxylation enzyme, phosphoenolpyruvate carboxylase 

(PEPC) (Farquhar & Richards, 1984). The latter has a much smaller fractionation factor, 

about 2 ‰, and therefore the weighted average value of the photosynthetic carboxylation 

fractionation factor εR = 27‰ (εR = 30 ∙ 0.9 + 2 ∙ 0.1 = 27.2 ‰) is usually used in carbon 

discrimination calculations in C3 plants (O’Leary, 1993). This fractionation factor is not at all 

or only minimally dependent on pH (Roeske & O’Leary, 1984) or temperature (Christeller & 

Laing, 1976). Nevertheless, the variability in discrimination between plant species and among 

individuals is considerable. Vogel (1980) compared 351 plant species in the family Poaceae 

and measured δ13C values ranging from -22‰ to -34‰ for C3 plants and -9‰ to -16‰ for C4 

plants (Fig. 11). 

These variations were attributed already in the 1980s to the factors of the external 

environment affecting the carbon dioxide concentration inside the leaf (ci). Farquhar, Oleary 

and Berry (1982) derived a relationship between Δ and the ratio of ca (atmospheric CO2 

concentration) to ci as: 

𝛥13𝐶 = 𝑎 ∙  
𝑐𝑎−𝑐𝑖

𝑐𝑎
 + 𝑏 ∙

𝑐𝑖

𝑐𝑎
  (6) 
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The resulting equation contains the following assumptions: i) the internal conductance of 

the leaf for CO2 is infinitely large (and thus the CO2 concentration in the intercellular 

compartments ci is equal to the concentration at the carboxylation site inside the chloroplasts 

cc); ii) the conductance of the boundary layer of air above the leaf is large and therefore ca is 

very close to the concentration on the leaf surface, cs; iii) the contribution of photorespiration 

and respiration to isotope discrimination is negligible. Thus, it is clear from Eq. 6 that the shift 

in carbon isotope composition between ca and the assimilates (trioses or even polysaccharides, 

e.g. cellulose, if we consider post-photosynthetic discrimination to be negligible), Δ, depends 

on a single physiological parameter, namely the CO2 concentration inside the leaf (Farquhar 

et al., 1982).  

 

 

 

 

Fig. 11: Variation of δ13C values among 

and between plant species with different 

carbon metabolism (C3, C4 or CAM). App. 

1000 plant species were included. 

[Histogram adapted from O’Leary (1988) 

and Glaser (2005) by (Reiffarth et al., 

2016)]. 
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2. Hypotheses and aims of the study 

My PhD work was based on study of plant cuticle which was used as a marker of 

environmental conditions and leaf internal constraints in transport of CO2. Four main 

hypotheses and goals were as listed: 

 

Hypothesis 1:  

Carbon isotope composition (δ13C) of leaf cuticles from the opposite leaf sides reflects the 

CO2 concentration difference across the hypostomatous leaf. 

Goal: To test the hypothesis that the CO2 concentration gradient across the hypostomatous 

leaf can be detected from the difference in δ13C between the adaxial and abaxial cuticular 

waxes. δ13C of wax was suggested to reflects the CO2 concentration in plastids and/or 

endoplasmic reticulum of epidermal cells, alternatively in chloroplast adjacent to the 

respective epidermis. The objective was to develop a model of CO2 isotopic fractionation 

along its pathway from the abaxial (stomatous) to the adaxial (astomatous) leaf side and to 

apply the model in estimation of the proportion of gas and liquid phase of mesophyll 

resistance (rm) for CO2 transport. 

The experimental outcomes of goal 1 were used in Article I. 

 

 

Hypothesis 2:  

The CO2 concentration in chloroplasts calculated from δ13C of epicuticular waxes on opposite 

leaf sides can be used to estimate the mesophyll resistance for CO2 transport integrated over 

the growing season. Leaves in the canopy profile of Fagus sylvatica adjust their anatomy and 

mesophyll resistance to light environment. 

Goal: To test the model developed under the first goal with leaves grown under light gradient. 

Contrasting environment modulate leaf anatomy and thus presumably the ratio of gas to liquid 

phase of mesophyll resistance. The validity of the new method had to be verified by 

independent measurements of rm using conventional isotopic and gas exchange techniques. 

The experimental outcomes of goal 2 were used in Article III. 
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Hypothesis 3: 

In amphistomatic leaves, the CO2 concentration is the same or similar in chloroplasts 

adjacent to adaxial and abaxial epidermes. Therefore, δ13C of the opposite epicuticular waxes 

should also approach similar values. 

Goal: To investigate potential link between carbon isotope composition (δ13C) of cuticular 

waxes and fraction of stomata on the adaxial (upper) leaf side in the total number of stomata 

on both leaf sides, the so-called amphistomy level. 

The experimental outcomes of goal 3 were used in Article IV. 

 

 

Hypothesis 4: 

The cuticular wax is renewed throughout the life of the leaf. 

Goal: Because we consider cuticular membrane as carriers of environmental and leaf internal 

information, it was necessary to look at the dynamics of the cuticular membrane (individually 

for matrix and cuticular wax) in young and fully developed mature leaves to determine 

whether regeneration or renewal of each component occurs during leaf life and how timely 

the information is. 

The experimental outcomes of goal 4 were used in Article II. 
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3. Summary and future prospects 

A presence of a distinctive layer on the surface of leaves and fruits was noticed already fourth 

century BC by Greek botanist Theophrastus (Domínguez et al., 2011). For the first time, the 

cuticular membrane was isolated in the 19th century by Brongniart (1830, 1834) and Henslow 

(1831). The structure of the cuticle was gradually revealed during the 20th century, and this 

research has moved us to the current concept of cuticular membrane (CM) perception as a 

complex structure bearing information on the leaf internal and ambient environments as 

described above (Fig. 2) (Domínguez et al., 2011). 

Nowadays it is clear that plant cuticle is not a regid structure creating merely an interphase 

between plant and atmosphere. From the historical viewpoint it was studied mainly for its 

water-resistant properties, but lately the approach became more integrative, highlighting many 

unresolved mysteries regarding cuticle biogenesis, structure and functions (González-

Valenzuela et al., 2023). In this thesis, we considered cuticle as an archive of information on 

CO2 concentration in a distinct part of the leaf, the opposite epidermes. Based on the 

information in form of the 13C/12C ratio, we attempted to quantify the time integrated 

mesophyll resistance and partition it into the gas and the liquid phase (Šantrůček et al., 2019; 

Janová et al., 2024). This model was developed as a micro-analogy of Evans‘ model for 

measurements of rm (Evans et al., 1986) and assumes that the carbon isotope composition of 

CM reflects the CO2 concentration in chloroplasts of mesophyll cells next to the epidermis.  

We showed in Article I and III that, indeed, most of 40 investigated hypostomatous plants 

species have CM and wax on the adaxial leaf side enriched in 13C compared with CM and 

wax obtained from the abaxial leaf side. This indicates lower cc in plastids of the upper 

epidermal cells and, therefore, a transverse CO2 gradient across the leaf. In case of Fagus 

sylvatica leaves growing under a light gradient, we showed that in the sun exposed leaves 

approximately 6 % of total mesophyll resistence (rm) is accounted to gas phase (rIAS), the 

remaining 94 % is attributable to transport resistances inside the cell (rliq). In shaded leaves 

the rIAS to rliq ratio is higher, about 15  to 85 . Although the sun-adapted leaves are thicker, 

more compact and have higher leaf mass per area (LMA), their total rm is lower compared to 

leaves growing in the shade. This is probably caused by higher chloroplast surface area 

exposed to the intercellular airspace per leaf area (Sc/S) and higher stomatal density. 
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Our model published in Šantrůček et al. (2019) assumes that the isotopic signal is not 

influenced by other carbon sources, such as assimilates in storage organs, which could 

interfere, especially if the whole cuticular membrane (including matrix) is used for the 

isotopic analyses. The CM is synthetised early in the leaf ontogeny when the leaf is fully or 

(in the later phase of growth) partly heterotrophic and has to rely on other leaves or reserves. 

However as we confirmed in a model plant (Kubásek et al., 2023), cuticular wax is renewed 

during the whole leaf life-span and so it is a better medium to preserve the actual information 

on leaf environment and better candidate to work with, as we did in the Article III (Janová et 

al., 2024). Another pitfall of this model may be the complexitiy and variability of wax 

composition, which typically consist of different substance classes: alkanes, aldehydes, 

alcohols, and others (see above in the Cuticle composition section) (Samuels et al., 2008; 

Yeats & Rose, 2013) and often varies between adaxial and abaxial leaf side. Even though 

there are often one or two dominant classes in different plant species or families (Jetter et al., 

2006), there could be differences in fractionation of 13C during the synthesis of individual 

compounds (Hayes, 2001), which may increase variance in the observed isotopic polarity 

across the leaf. We respected the variability of wax composition and employed compound-

specific isotopic analyses in our two recent works (Article II and IV). Future extensions of this 

work should therefore focus on compound-specific IRMS and use isotopic fractionation of 

individual major wax compounds. 

The change in chemical composition of cuticular wax during the season is known at least 

for some plant species (Prasad & Gülz, 1990; Gülz et al., 1992; Hauke & Schreiber, 1998; 

Piasentier et al., 2000; Suh & Diefendorf, 2018). Labelling with heavy isotopes (stable or 

radioactive) moved the knowledge about the real dynamics and turn-over of distinct 

compounds (Kahmen et al., 2011; Gao et al., 2012). In Article II (Kubásek et al., 2023), we 

applied method of 13C pulse labelling on perennial Clusia rosea plants and tracked the 

isotopic signal in cutin matrix (MX), and in intra- and epicuticular wax, respectively. We 

compared young leaves (whose leaf area reached final size after the labelling) with mature, 

fully grown leaves. From the data it is obvious that only young leaves incorporate new carbon 

into their MX. In contrast, waxes were synthesized in young and mature leaves with same 

dynamics. Furthermore, it was shown that the newly synthetised wax is deposited in the 

intracuticular wax layer first and, with a delay, it appears also in the epicuticular wax. 

In the future, I plan to do a similar experiment with monocot plant species, as Zea mayis 

or Clivia miniata. Their leaves grow ongoingly on the base so there are leaf sections of 
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different age and ontogenetical phase. It should be readily apparent at what point the cuticle 

matrix synthesis stopped and confirm ongoing deposition of fresh carbon in the intra- or 

epicuticular wax. This wax dynamic supports a hypothesis that CM could be involved in the 

perception of ambient atmosphere (CO2 concentration, light availability), thus influencing a 

hypothetical systemic signal affecting development of new leaves. It also appears that wax 

composition can differ not only between the adaxial and abaxial leaf sides7 (Jetter et al., 

2000), but also between stomatal cells and pavement cells (Karabourniotis et al., 2001; 

Šantrůček et al., 2004; Yu et al., 2008). This could be given by the absence of chloroplasts in 

pavement cells which means that pyruvate, the first step in cuticle synthesis, has to come from 

freshly assimilated carbon in adjected mesophyll cell, probably through secondary 

plasmodesmata connecting cell which belong to different cell lineages (Voitsekhovskaja et 

al., 2021) or is a product of the glycolysis (process of glucose degradation) in the cytosol of 

epidermal cell (Ohlrogge et al., 2015). In contrast, stomatal guard cells contain chloroplasts 

and mature guard cells are not connected to the surrounding cells (functional plasmodesmata 

were detected only during its development) (Wille & Lucas, 1984; Mumm et al., 2011). 

Single-cell transcriptomics could provide a tool to investigate gene expression in stomata and 

pavements cells (Liu et al., 2020; Lopez-Anido et al., 2021; Berrío et al., 2022) and to 

observe potential differences in expression of genes involved in cuticle or cuticular wax 

synthesis.  

In Article IV (Askanbayeva et al., 2024), advantages and costs of amphistomy vs. 

hypostomy were studied. We quantified benefits of access of CO2 through stomata on the 

adaxial leaf surface using 13C abundance in the adaxial and abaxial epicuticular wax. We 

showed that increased amphistomy level (ASL, fraction of adaxial in all stomata) in the sun-

exposed amphistomatous leaves reduces the CO2 gradient across the leaf mesophyll and that 

stomata and epicuticular wax deposition follow similar leaf-side patterning. 

In summary, my study of plant cuticle started with a model explaining differences in 

carbon isotope composition of epicuticular wax on the opposite leaf sides in terms of CO2 

gradient across the leaf. The model was used for partitioning the mesophyll resistance into the 

gas- and liquid phases and studying the CO2 fluxes inside leaves. Over time, my research has 

moved towards the multifunctionality of the cuticle, which has increasingly fascinated me, 

followed by the study of cuticle dynamics, the interaction between the cuticle and stomatal 

development, and more recently toward the role of the cuticle in plant immunity (not shown 

 
7 This specificity of wax composition on leaf side is species-dependent and is not a general rule. 
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in this thesis). In any case, there are a lot of interesting, unknown and unexplored phenomena 

around the plant cuticle, the knowledge of which can help us (as I deeply believe) in many 

areas. For example, to breed plants with lower rm and optimal SD, and thus higher water use 

efficiency, to produce cultivars more resistant to various pathogens, or to develop new water-

proof materials used in the textile industry. 
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4. Conclusions 

H1: The isotopic composition of cuticular wax extracted separately from the adaxial and 

abaxial leaf sides allow us to estimate CO2 concentrations in chloroplast of adjacent to the 

respective epidermis. In case of hypostomatous leaves, this concentration is lower at the 

proximity of astomatous adaxial leaf side. 

 

H2: The leaf anatomy altered by light availability influences the flux of CO2 through the leaf. 

Thicker sun-adapted leaves of Fagus sylvatica with higher leaf mass per area and stomatal 

density have lower rm than thinner and less compact shade-adapted leaves. The rm was 

estimated by two methods: i) the conventional technique combining on-line 13C 

discrimination with gas exchange measurements, ii) the new technique which is based on the 

isotopic composition of epicuticular wax harvested from the adaxial and abaxial leaf sides. 

The rm value obtained by this method is integrated over the time of leaf development (wax 

deposition). The proportion of rIAS to rliq varied along the light gradient with rIAS higher in 

shaded leaves (rIAS = 15 %) compared with sun-exposed leaves (were rIAS = 5.5 %). 

 

H3: Fraction of adaxial in all stomata (amphistomy level ASL) increase in amphistomatous 

leaves with higher growing irradiance. Hand in hand with this, the difference in isotopic 

composition of epicuticular waxes on the abaxial and adaxial leaf sides is reduced, suggesting 

a similar or equal CO2 concentration in chloroplasts near both epidermes. These results show 

at least one benefit of amphistomy, which is reduction of stomatal and mesophyll resistances 

and consequently a higher supply of CO2 in chloroplasts. 

 

H4: The cuticular matrix (MX) is synthesized only during early the leaf ontogeny. No freshly 

assimilated carbon is incorporated into the MX of mature leaves of Clusia rosea plants. In 

contrast, waxes (both epi- and intra-cuticular) are continuously synthesized in young but also 

in mature, fully developed leaves. 
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Effect of light-induced changes in leaf anatomy on intercellular and cellular 

components of mesophyll resistance for CO2 in Fagus sylvatica 

Jitka Janová1, Jiří Kubásek1, Thorsten E. E. Grams2, Viktoria Zeisler-Diehl3, Lukas 

Schreiber3, Jiří Šantrůček1 

1 Faculty of Science, University of South Bohemia, Branišovská 1760, 37005 České Budějovice, Czech Republic 

2 Ecophysiology of Plants, Technical University of Munich, Von-Carlowitz-Platz 2, 85354 Freising, Germany 

3 Institute of Cellular and Molecular Botany, University of Bonn, Kirschallee 1, 53115 Bonn, Germany 

 

Abstract  

Mesophyll resistance for CO2 diffusion (rm) is one of the main limitations for 

photosynthesis and plant growth. Breeding new varieties with lower rm requires 

knowledge of its distinct components. 

We tested new method for estimating the relative drawdowns of CO2 concentration 

(c) across hypostomatous leaves of Fagus sylvatica. This technique yields values of the 

ratio of the internal CO2 concentrations at the adaxial and abaxial leaf side, cd/cb, the 

drawdown in the intercellular air space (IAS), and intracellular drawdown between IAS 

and chloroplast stroma, cc/cbd. The method is based on carbon isotope composition of 

leaf dry matter and epicuticular wax isolated from upper and lower leaf sides. We 

investigated leaves from tree-canopy profile to analyse the effects of light and leaf 

anatomy on the drawdowns and partitioning of rm into its inter- (rIAS) and intracellular 

(rliq) components. Validity of the new method was tested by independent measurements 

of rm using conventional isotopic and gas exchange techniques. 

73% of investigated leaves had adaxial epicuticular wax enriched in 13C compared to 

abaxial wax (by 0.50‰ on average), yielding 0.98 and 0.70 for average of cd/cb and 

cc/cbd, respectively. The rIAS to rliq proportion were 5.5:94.5 % in sun-exposed and 
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14.8:85.2 % in shaded leaves. cc dropped to less than half of the atmospheric value in the 

sunlit and to about two-thirds of it in shaded leaves. 

This method shows that rIAS is minor but not negligible part of rm and reflects leaf 

anatomy traits, i.e. leaf mass per area and thickness. 
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Amphistomy: stomata patterning inferred from 13C content and leaf–side specific 

deposition of epicuticular wax 

Balzhan Askanbayeva1 , Jitka Janová1, Jiří Kubásek1, Viktoria V. Zeisler-Diehl2, Lukas 

Schreiber2, Christopher D. Muir3, Jiří Šantrůček1 
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3 Department of Botany, University of Wisconsin, 143 Lincoln Drive, Madison, Wisconsin, USA 53711 

 

Abstract  

Background and Aims: The benefits and costs of amphistomy (AS) vs. hypostomy (HS) 

are not fully understood. Here, we quantify benefits of access of CO2 through stomata on 

the upper (adaxial) leaf surface, using 13C abundance in the adaxial and abaxial 

epicuticular wax. Additionally, a relationship between the distribution of stomata and 

epicuticular wax (EW) on the opposite leaf sides is studied. 

Methods: We suggest that the 13C content of long-chain aliphatic compounds of 

cuticular wax records the leaf internal CO2 concentration in chloroplasts adjacent to the 

adaxial and abaxial epidermes. This unique property stems from (i) wax synthesis being 

located exclusively in epidermal cells and (ii) ongoing wax renewal over the whole leaf 

lifespan. Compound-specific and bulk wax 13C abundance () was related to amphistomy 

level (ASL, fraction of adaxial in all stomata) of four AS and five HS species grown under 

various levels of irradiance. The isotopic polarity of EW, i.e. the difference in abaxial and 

adaxial  (ab-ad), was used to calculate the leaf dorsi-ventral CO2 gradient. Leaf-side 

specific EW deposition, amphiwaxy level (AWL), was estimated and related to ASL. 
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Key Results: In HS species, the CO2 concentration in the adaxial epidermis was lower 

than in the abaxial one independently of light conditions. In high-light and low-light 

grown AS leaves, the isotopic polarity and CO2 gradient varied in parallel with ASL. AS 

leaves grown under high light increased ASL compared to low light, and ab-ad 

approached near-zero values. Changes in ASL occurred concomitantly with changes in 

AWL. 

Conclusions: The leaf wax isotopic polarity is a newly identified leaf trait, 

distinguishing between hypo- and amphistomatous species and indicating that 

increased ASL in sun-exposed AS leaves reduces the CO2 gradient across the leaf 

mesophyll. Stomata and epicuticular wax deposition follow similar leaf-side patterning. 
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