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Summary 

The cuticle is the outermost defensive barrier in land plants, 

constituting a shield that protects against both biotic and abiotic stresses. It is 

comprised by a group of organic solvent soluble lipids that are commonly 

referred to as waxes and the plant polyester cutin.  

Several functions have been assigned to cutin over the years including 

prevention of water loss, protection against UV radiation, proper organ 

formation, mechanical support and restriction of pathogen invasion. The last 

has been studied over the last decades, exploring how specific alterations of 

the cutin polymeric structure influence plant susceptibility to infection. An 

alternative angle is to understand if cutin degradation by pathogens 

constitutes a source of signals able to elicit plant immunity. It was 

demonstrated in several plant species that cutin monomers are able to induce 

immune responses such as reactive oxygen species accumulation, induction 

of specific defense genes and production of antimicrobial compounds. 

Nevertheless, a gap in the knowledge remained on the role of oligomeric 

molecules released during the early stages of degradation of the cutin barrier 

during infection. 

Over the last decades, a wealth of knowledge was gathered on cutin 

composition and biosynthesis; nevertheless, deciphering cutin’s structural 

organization continues to be a challenge The main difficulties hindering the 

acquisition of molecular-level structural information of cutin in planta result 

from its insoluble nature, association with other cuticular components (waxes 

and polysaccharides), and intrinsic complexity. Traditional cutin isolation 

techniques involve a subtractive approach consisting of an enzymatic removal 

of polysaccharides and an extensive dewaxing process exploring different 

organic solvents with different polarities. Most attempts to solve the puzzle of 

cutin structure have focused on solid state-based analysis of the whole 

polymer through spectroscopic techniques. An alternative approach was to 

study the products of the total and partial depolymerization of cutin through 

mass spectrometry-based methods.  
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In this thesis, I used cutin isolated from tomato as a model. We 

generated an original approach to create an ex situ platform to study cutin 

chemistry, structure and physical properties. At the same time, I used 

chemical depolymerization to mimic cutin degradation during infection and 

study the resulting hydrolysates. Finally, I systematically characterized the 

potential of these mixtures to activate plant immunity in model plants. 

In Chapter I, I describe the main motivations behind the PhD project 

developed on this thesis and the objectives that were defined as measures of 

success. An extensive literature review is then presented, exploring Solanum 

lycopersicum and Arabidopsis thaliana as models for the study of cutin 

chemistry. Advances in the analytical tools available are then presented, 

guiding the reader to the major advances in the knowledge on cutin structure. 

The last sections focus on the biosynthetic pathway of this plant polyester, 

how proper cutin formation influences its biological roles and to which extent 

cutin derived molecules may influence plant immunity. Along the chapter, 

relevant contributions of the work developed on this thesis to the current state 

of the art are highlighted.  

Chapter II describes the establishment of an original ionic liquid-based 

methodology to isolate cutin from the peels of tomato fruits. Moreover, a novel 

approach combining this isolation methodology with cryogenic milling of the 

recovered polyester allowed for the first time to obtain solution-state NMR 

spectra of cutin. Quantitative analyses are presented confirming the high level 

of preservation of the recovered polymer and new chemical features, such as 

presence of free acid groups, are assigned to cutin. To further validate the 

importance of the findings resulting from this chapter, a systematic 

characterization of cutin isolated from the miniature cultivar Micro-Tom is 

presented. Analysis of cutins isolated from wild type and mutants of important 

biosynthetic genes (GPAT6 and CUS1), highlight the potential of cutin for 

biotechnological exploitation, namely due to its thermal resistant 

characteristics. 
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Chapter III deepens the characterization of cutin’s chemical and 

physical signatures, by exploring the suitability of the established methodology 

to isolate cutin from a different plant source (red pepper). Moreover, powerful 

quantification strategies were employed, taking advantage of the possibility to 

perform solution-state NMR analyses. A comparison between the recovered 

cutins is then performed with suberin extracted by either cork or potato peels. 

Moreover, the thermal behavior of each plant polyester is evaluated through 

DSC and features of its structural architecture, namely degree of crystallinity, 

assessed by WAXS. Due to its proved thermal resistance, cutin from tomato 

is then further characterized by exploring cutin extracted from the model 

tomato Micro-Tom from the same genotypes explored in the previous 

chapters. This characterization allows to understand that specific mutations 

lead to alterations on the chemistry and structural arrangement of cutin, 

directly influencing its thermal resistance, rendering materials that are highly 

attractive for further biotechnological exploitation. The data collected in this 

chapter allowed to propose the rules of thumb for the quantification of the 

structure-property relationship that constitute a guide for future selection of 

bio-based polymers for the development of novel materials. 

Chapter IV describes how the ionic liquid isolated cutins are useful for 

the study of its biological roles, namely activation of plant immunity. Using a 

highly preserved cutin recovered from tomato pomace, we were able to 

generate cutin oligomeric mixtures (COMs) that have proven induction of 

immune responses in model plants. We also describe that a highly preserved 

cutin, mimicking the polymer state in the initial stages of degradation by 

pathogens is also able to initiate activation of the plant immune system. 

Hallmark immune outputs, such as Ca2+ influx and MAP kinase activation, 

were triggered by both cutin and COMs. Moreover, a unique transcriptional 

reprogramming was described as the result of the treatment of Arabidopsis 

thaliana plants with COM. We propose in this chapter cutin-derived oligomers 

as novel DAMPs, able to activate plant immunity during the initial stages of 

pathogen infection. Initial studies, still ongoing, on the chemical 
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characterization of these oligomeric mixtures are also presented in the last 

section of the chapter, further confirming the oligomeric and lipidic nature of 

the active molecules. 

To finalize this dissertation, Chapter V presents an integrative 

discussion on the main findings and original contributions to the current state 

of the art made by this thesis. More than just presenting the main 

achievements, new questions arose generating parallel projects that are also 

highlighted in this chapter. To end, future steps to solve the remaining 

mysteries on the mechanism of action of COM are presented.  
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Sumário 

 A cutícula é a barreira defensiva mais externa das plantas terrestres, 

constituindo um escudo protetor contra stress biótico e abiótico. É constituída 

por um grupo de lípidos solúveis em solventes orgânicos, normalmente 

designados de ceras, e pelo poliéster vegetal cutina. 

 Inúmeras funções têm sido atribuídas à cutina ao longo dos anos, 

incluindo prevenção da perda de água, proteção contra radiação UV, 

formação adequada dos órgãos da planta, suporte mecânico e restrição da 

invasão por agentes patogénicos. Esta última, tem sido estudada ao longo 

das últimas décadas, explorando o modo como alterações específicas da 

estrutura polimérica da cutina influenciam a suscetibilidade da planta à 

infeção. Um ângulo alternativo consiste em perceber se a degradação da 

cutina pelos agentes patogénicos constitui uma fonte de sinais capazes de 

ativar a imunidade nas plantas. Foi demonstrado, em várias espécies de 

plantas, que os monómeros de cutina são capazes de induzir respostas 

imunitárias tais como: acumulação de espécies reativas de oxigénio, indução 

de genes específicos de defesa e produção de compostos antimicrobianos. 

Ainda assim, um vazio no nosso conhecimento permanece, no que diz 

respeito ao papel de moléculas oligoméricas, libertadas durante os estágios 

iniciais de degradação da barreira de cutina durante a infeção. 

 Ao longo das últimas décadas, um manancial de conhecimento foi 

recolhido acerca da composição e biossíntese de cutina, no entanto, decifrar 

a organização estrutural da cutina continua a ser um desafio. Os maiores 

obstáculos à obtenção de informação estrutural, ao nível molecular, da cutina 

na planta, resultam da sua natureza insolúvel, da associação com outros 

componentes cuticulares (ceras e polissacáridos), bem como da sua 

intrínseca complexidade. As técnicas tradicionais usadas no isolamento de 

cutina envolvem uma abordagem subtrativa, consistindo na remoção 

enzimática de polissacáridos e remoção extensiva das ceras através do uso 

de diferentes solventes orgânicos com polaridades distintas. A maioria das 

tentativas de resolver o puzzle da estrutura da cutina focaram-se em análises 
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de estado sólido do polímero como um todo, através de técnicas de 

espectroscopia. Abordagens alternativas consistiram no estudo dos produtos 

resultantes da despolimerização total ou parcial da cutina, através de 

métodos baseados em espectrometria de massa.  

 Nesta tese, a cutina isolada das peles de tomate foi usada como 

modelo. Geramos uma abordagem original, de modo a criar uma plataforma 

ex-situ que possibilita o estudo da composição química da cutina, bem como 

da sua estrutura e propriedades físicas. A despolimerização química foi 

também usada como ferramenta para recriar a degradação da cutina que 

ocorre durante a infeção, e estudar os hidrolisados resultantes. Por fim, uma 

caracterização sistemática do potencial destas misturas para ativar a 

imunidade em plantas foi realizada, recorrendo a plantas modelo. 

 No capítulo I, comecei por descrever as principais motivações por 

detrás deste projeto de doutoramento, bem como dos objetivos definidos 

como medidas de sucesso do mesmo. Uma revisão extensiva da literatura é 

apresentada, explorando duas plantas modelo para o estudo da composição 

química da cutina, Solanum lycopersicum e Arabidopsis thaliana. São depois 

apresentados os principais avanços nas técnicas analíticas disponíveis, 

guiando o leitor para os avanços na compreensão da estrutura da cutina. As 

últimas secções focam-se na biossíntese deste poliéster vegetal, na forma 

como a formação apropriada da cutina influencia as suas funções biológicas 

e, até que ponto, moléculas derivadas de cutina podem influenciar a 

imunidade da planta. Ao longo do capítulo as contribuições relevantes, que 

resultam do trabalho desenvolvido nesta tese, para o avanço do 

conhecimento no estudo de cutina são destacadas. 

 O capítulo II descreve o estabelecimento de uma metodologia original, 

baseada em líquidos iónicos, para isolar cutina da pele de tomate. Para além 

disso, uma nova abordagem que combina este método de isolamento com 

moagem criogénica do polímero recuperado permitiu, pela primeira vez, a 

obtenção de um espectro de cutina em solução através de ressonância 

magnética nuclear (RMN). Análises quantitativas são apresentadas, 



 

xi 

confirmando o elevado grau de preservação do polímero recuperado e, novas 

assinaturas químicas, como a presença de grupos ácidos livres, são 

atribuídas à cutina. Para validar a importância das descobertas apresentadas 

neste capítulo, uma caracterização sistemática de cutinas isoladas do tomate 

miniatura Micro-Tom é apresentada. A análise das cutinas isoladas das 

plantas de tipo selvagem e de mutantes de genes importantes para a 

biossíntese da cutina (GPAT6 e CUS1), destaca o potencial da cutina para 

exploração biotecnológica, nomeadamente devido à sua resistência térmica. 

 O capítulo III aprofunda a caracterização das assinaturas química e 

física da cutina, através da exploração da adequabilidade do método de 

isolamento estabelecido para fontes vegetais alternativas, nomeadamente a 

pele do pimento. Para além disso, tirando partido da possibilidade de realizar 

RMN em solução, estratégias de quantificação robustas foram aplicadas 

neste estudo. Uma comparação entre as cutinas recuperadas de fontes 

distintas e suberina extraída da cortiça e da pele da batata é realizada. 

Adicionalmente, o comportamento térmico de cada poliéster é avaliado 

através de varredura diferencial de calorimetria (DSC) e, características da 

sua arquitetura estrutural, nomeadamente o grau de cristalinidade, avaliado 

por difração de raios-X a grandes ângulos (WAXS). Devido à sua comprovada 

resistência térmica, a cutina de tomate é então detalhadamente 

caracterizada, explorando cutina extraída do tomate modelo Micro-Tom e 

utilizando os mesmos genótipos do capítulo anterior. Esta caracterização 

permite perceber que mutações específicas conduzem a alterações na 

composição química e organização estrutural da cutina, influenciando 

diretamente a sua resistência térmica. Tais características permitem obter 

materiais que são altamente atrativos para futura exploração biotecnológica. 

Os dados recolhidos neste capítulo permitiram propor as regras para a 

quantificação da relação entre estrutura e propriedades, as quais constituem 

um guião para a futura seleção de biopolímeros para o desenvolvimento 

sustentável de novos materiais.  
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 O capítulo IV descreve a utilidade de cutinas isoladas usando líquidos 

iónicos para o estudo das suas funções biológicas, nomeadamente a ativação 

da imunidade das plantas. O uso de uma cutina altamente preservada, 

isolada do bagaço do tomate, permitiu gerar misturas oligoméricas de cutina 

(COMs) que possuem atividade comprovada de indução de respostas 

imunitárias em plantas modelo. Também é descrito neste capítulo que uma 

cutina altamente preservada, representativa do estado do polímero nas fases 

iniciais de degradação por agentes patogénicos, é também capaz de iniciar a 

ativação do sistema imunitário da planta. Respostas imunitárias chave tais 

como influxo de cálcio e ativação de MAP quinases são atribuídas tanto à 

ação da cutina como das COMs. Para além disso, uma reprogramação 

transcricional única é descrita como resultado do tratamento das plantas de 

Arabidopsis thaliana com COM. Apresentamos neste capítulo oligómeros 

derivados de cutina como novos padrões moleculares associados a dano 

(DAMPs), capazes de ativar a imunidade da planta durantes os estágios 

iniciais de infeção por agentes patogénicos. Estudos iniciais, ainda a decorrer, 

relacionados com a caracterização química destas misturas oligoméricas são 

também apresentados na última secção deste capítulo, comprovando a 

natureza oligomérica e lipídica das moléculas ativas.  

 Para finalizar esta dissertação, o capítulo V apresenta uma discussão 

integrada das principais descobertas e contribuições originais para o avanço 

do conhecimento no estudo de cutina, feitas por esta tese. Mais do que uma 

simples apresentação dos principais avanços alcançados, novas questões 

surgiram, gerando projetos paralelos que são destacados neste capítulo. Por 

fim, os passos seguintes a dar para tentar solucionar os mistérios que 

subsistem, acerca do mecanismo de ação das COM são apresentados. 
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Chapter I 

1 

CHAPTER I 
  

 

Chapter I contains the motivations and main objectives of the studies 

conducted on this project and a critical state-of-the-art review covering 

relevant aspects of the plant polyester cutin (chemistry, structure and 

functions), the contribution of the original work developed and future 

perspectives. 

 

Accordingly, this chapter includes the following manuscript under preparation 

planned for submission as a review paper:  

A Cutin Odyssey - Biosynthesis, Chemistry and Biological Roles - The 

Trident that Builds a Protective Barrier 

Carlos J. S. Moreira, Artur Bento, Rita Escórcio, Vanessa G. Correia, Ricardo 

Barras, Cyril Zipfel, Cristina Silva Pereira 

 

Author Contributions 

C.J.S.M. prepared the initial draft of the manuscript; A.B., R.E. and R.B 

generated the figures and all authors participated in the writing, review and 

editing of the final version of this chapter.  
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Outline: This chapter presents the motivation behind the project, the experimental 

approach and main objectives. To contextualize the work developed, a critical state-

of-the-art review is also presented, covering aspects of cutin’s chemistry, structural 

arrangement and biological roles played by this important plant polyester.  

 

 

Motivation and Objectives 

Land plants have evolved a complex extracellular structural lipid 

polymer barrier to limit water loss, protect against UV radiation, strengthen 

their cell walls, and restrict microbial penetration – the cuticle. The polymeric 

matrix of this defensive shield – cutin, participates in the activation of defense 

responses during plant-pathogen interactions. Specific cutin monomers have 

the ability to activate plant immune responses, as observed by exogenous 

application of these monomers on Arabidopsis thaliana leaves. This treatment 

leads to higher resistance to necrotrophic fungi of Arabidopsis mutants 

expressing a fungal cutinase (cute plants), which present higher cuticle 

permeability.  

A key question is whether, during the initial stages of its degradation 

by pathogens, cutin-derived oligomeric molecules with a certain degree of 

esterification are able to activate plant immunity, leading to hallmark 

responses such as apoplastic ROS burst and Ca2+ influx, further potentiating 

the activation of downstream signaling mechanisms.  

I hypothesize that the cutin polymer (or oligomeric degradation 

products thereof) act as elicitors of the plant immune system, thereby 

conferring increased disease resistance to fungal pathogens. We are 

interested in unravelling the level of esterification of cutin-derived molecules 

that is needed to initiate a defensive response.  

My major goal was to establish an ex-situ approach to characterize 

cutins with low degree of ester cleavage and oligomers obtained through their 

controlled chemical degradation in their ability to elicit pattern-triggered 

immunity. To guide discovery, an ionic liquid methodology to extract a highly 

esterified cutin (less than 5 % of ester cleavage) was established (Chapter II). 
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The characterization of the isolated cutins was performed through Scanning 

Electron Microscopy (SEM), solution-state Nuclear Magnetic Resonance 

(NMR), Gas Chromatography – Mass Spectrometry (GC-MS) and Differential 

Scanning Calorimetry (DSC). Apart from the establishment of a novel method 

for an uncomplicated recovery of cutin, the NMR acquired data of the cutin 

polymer reached unprecedent chemical resolution, improving current 

knowledge on its chemistry, e.g. identification of free end groups (Chapter II). 

Besides, collectively the acquired data opened new perspectives for its 

biotechnological exploitation, especially through the establishment of a 

quantitative correlation between the chemistry and the physical properties of 

plant polyesters (Chapter III). A library comprising the polymer, mixtures of 

oligomers obtained through its controlled hydrolysis (methanolysis) and 

monomers obtained through its complete alkaline hydrolysis or commercially 

available ones was built. Their capacity to act as immune elicitors was then 

tested in model plants using established chemiluminescence-based 

bioassays. These tests assessed the ability of each compound/mixture to 

trigger the production of apoplastic ROS and/or Ca2+ influx. 

Compounds/mixtures eliciting at least one of these defense responses, were 

evaluated for the capacity to activate mitogen-activated protein kinases. 

Finally, the best elicitor was characterized for its ability to trigger 

transcriptional reprogramming in the model plant A. thaliana (Chapter IV). 

To contextualize the work developed, a comprehensive  

state-of-the-art review is presented in this chapter, containing already the 

contributions made so far by the studies developed within the scope of this 

PhD project.  
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Introduction 

One of the most impactful events in the evolution of life on earth was 

the colonization of land environments by plants approximately 470 million 

years ago1. This transition from an aquatic environment to land, often referred 

to as terrestrialization, led to the formation of terrestrial ecosystems as we 

know them today2. The importance of land plants is commonly associated with 

the increase in atmospheric oxygen that facilitated the bloom of animal life3. 

Nevertheless, other roles like providing shelter, food and even shaping the 

climate of our planet are still essential nowadays4. 

In order to survive an extremely desiccating environment, plants had 

to develop numerous adaptations to allow them to control water loss, to cope 

with constant UV radiation and to resist temperature stress2. One of the key 

adaptations was the development of a lipidic barrier called cuticle, which is 

deposited at the outermost surface of epidermal cells5. This barrier covers the 

aerial organs of most land plants and recently was also proposed to be present 

in the early stages of root cap formation6. The roles that are assigned to the 

cuticle include water loss control that is stomata-independent, protection 
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against UV radiation, prevention of organ fusion, mechanical reinforcement of 

the epidermal cell wall, and restriction of pathogen invasion7.  

The cuticle is composed of a polymeric matrix of the plant polyester 

cutin to which several lipids, usually referred as waxes, are associated. The 

cuticle is divided in two layers – the cuticular layer, which is enriched in cutin 

with embedded polysaccharides8; and the cuticle proper more enriched in 

waxes. These waxes can either occur within the polyester matrix  

(intra-cuticular waxes) or accumulate on top of the cutin layer (epicuticular 

waxes)9.  

Cutin is a polymer mainly composed by a network of long-chain fatty 

acids that provides the essential platform for the association of the other 

cuticle components. Additionally, cutin is extremely resistant to decay, even 

more than highly recalcitrant plant polymers such as lignin10. This 

characteristic allowed to trace this polyester back to fossil samples that date 

from approximately 400 million years ago in the Devonian period11. Altogether, 

these characteristics confirm cutin as central player in the roles assigned to 

the cuticle, thus of key relevance for the understanding of plant’s evolution 

and adaptation.  

With this review, we intend to give an overview of our current 

knowledge on cutin, covering aspects ranging from its biosynthesis to the 

chemistry and how the latter influences the biological roles of cutin within the 

cuticular matrix. While focusing mostly in two well-studied plant models – 

Solanum lycopersicum and Arabidopsis thaliana – relevant examples are also 

highlighted in different plant species to provide insights on the natural 

variability on the organization of this natural polyester. 
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Cutin 

Cutin is a key component of the plant cuticle, a barrier that constitutes 

the interface between the plant and the external environment, covering the 

aerial organs of most land plants7. The exceptions are woody plants that 

present in their stem outer barks the polyester suberin, which is also present 

in the underground organs of plants12. Cutin can be found deposited on the 

outer surface of the epidermal cells and is assumed to have a role in first-line 

defense against both biotic and abiotic stresses5. However, very recently, it 

was demonstrated that a cutin-like polyester can be found during the early 

stages of Arabidopsis seedling establishment as part of a root cap cuticle, also 

showing defensive properties6. Although challenging the idea that cutin is only 

found in aboveground organs, this study points to a transient occurrence of 

cutin aiding root establishment previous to suberization of the endodermis of 

these tissues. This observation supports the idea defended by  

Fich et al. 2016, that, although cutin and suberin are always defined as distinct 

polymers, it is possible that this distinction is artificial and both polymers may 

exist as a single compositional continuum in planta. 

Cutin is a plant polyester mainly based on C16 and C18 ω-hydroxy fatty 

acids with the presence of mid-chain hydroxyl groups, linked through ester 

bonds. Glycerol, aromatics and even dicarboxylic acids may also be present 

in residual amounts13. Although presenting this general composition, the 

chemistry of this polymer shows great variability between organs, 

developmental stage and plant species. In general, C16 ω-hydroxy acids are 

always present as key monomers, while the relative amount of the C18 

monomers presents wide variation14.  

Taking Arabidopsis thaliana and Solanum lycopersicum as model 

plants, a comparison between their polymers reveals major compositional 

differences, highlighting the variability that cutin can display at a chemical 

level. The hydrolysate cutin’ constituents identified in Arabidopsis leaves 

(obtained through extensive depolymerization reactions) demonstrated an 

enrichment in unsaturated C18 α, ω-dicarboxylic acids15, similar to that found 
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in the epidermis of Arabidopsis stems15. Contrary to that reported for most 

plant species, cutin from Arabidopsis contains very reduced levels of  

mid-chain oxygenated compounds16. Due to this unusual chemical 

composition, these cutins are usually referred to as dicarboxylic acid  

(DCA)-rich cutins. Recent analyses, showed that glycerol, a monomer that is 

usually residual in most cutins, presents a molar ratio of 2:1 (glycerol: DCAs) 

in both leaf and stems of Arabidopsis17. Glycerol is a key cross-linking unit in 

plant polyesters and its abundance dramatically impacts the structural 

organization of these polymers18. Due to glycerol high abundance in cutin from 

Arabidopsis, the polymer structure differs from the usually reported cutin 

structural models. In the flowers of this model plant, the major cutin monomer 

is 10, 16-dihydroxyhexadecanoic acid, a common monomer in most species13. 

As referred above, a recent study performed on root cap formation led to the 

discovery of an atypical cutin polymer present in the early stages of root 

formation in Arabidopsis seedlings as part of a protective cuticle-like barrier. 

This polymer was enriched for C18 fatty acids together with a high contribution 

of C26 and C28 very long chain fatty acids that are uncommon monomers of 

plant cutins, as well as the unusual aromatic compound sinapic acid6. 

Altogether, the knowledge on the chemistry of Arabidopsis cutins is furthering 

the uniqueness of the cutin of this species that is however, as expected, also 

organ specific, opening questions about the localization-structure-function 

relationship.  

Tomato is a well-established plant model for the study of cutin 

composition and structure19. Particularly, the peels of the fruit constitute a very 

appealing source of polymer due to its astomatous nature, which provides a 

continuous cuticular layer that can be easily recovered20. In general, tomato 

cutin consists of a mixture of C16 and C18 hydroxy fatty acids with small 

amounts of glycerol and aromatic compounds such as coumaric acid. 

Previous studies on the Ailsa Craig cultivar showed that during the maturation 

process of the fruit, C16 components can account for up to 88 % (wt) of the 

total cutin load, while C18 components accounted for up to 12 % (wt)21. The 
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monomer 9(10), 16-dihydroxyhexadecanoic acid is the most abundant at all 

developmental stages from immature green to red ripe. Although the precise 

amounts of some compounds may change, the abundance of the most 

representative monomers systematically increases along the maturation 

stages of the fruit, even the most residual ones such as coumaric acid21. A 

different study corroborated the classification of tomato cutins as C16 enriched 

cutins, further quantifying the presence of coumaric acid (< 0.5 %) and glycerol 

(up to 5 % wt) in the tomato fruit cutin22. In figure 1, an illustrative 

representation of the type of cutin isolated from different organs is presented 

for both Arabidopsis and tomato. Recently, it was also reported a higher 

presence of epoxide groups in cutin isolated from the peels of Capsicum 

annum (red pepper). Although being a C16 polyester23, the presence of these 

chemical groups drastically influences its polymeric architecture24. 

 

 

Figure 1. Schematic representation of the types of cutins found in different plant 

organs. Further details in figure 2. 
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Other plant species belonging to the same genus also show major 

differences in leaf cutin composition. This was highlighted through comparison 

of two species of eucalyptus that showed that both cutins were enriched for 

C18 monomers, but the ratio between C18 and C16 monomeric components was 

almost two-fold higher in Eucalyptus camaldulensis compared to  

E. globulus25. A similar trend was observed for the relative abundance of  

α, ω-dicarboxylic acids and glycerol. The observed differences on cutin 

composition inform that the structures of the polymer may differ significantly, 

even in closely related species25.  

 

Analytical tools used in cutin characterization  

Despite our current knowledge on the composition and biosynthesis of 

the plant polyester cutin (and the continuously reported advances) unravelling 

its structural arrangement is still a major challenge. The main obstacles to 

acquire molecular-level structural information of cutin in planta – apart from 

those arising from limitations in the established techniques – result from 

cutin’s insoluble nature, assembly with other cuticular components that 

hinders its purification, and inherent complexity due to a branched plus 

reticulated structure comprising variable monomer compositions14. To date, 

two main complementary strategies have been employed to study cutin:  

(1) the analysis of the whole polymer obtained through subtractive removal of 

the associated cuticular constituents or (2) the analysis of the hydrolysate 

obtained after its total or partial depolymerisation14. The most common 

approach to recover a near-native cutin (i.e. as found in planta) comprises the 

enzymatic removal of polysaccharides through the action of cellulases and 

pectinases, followed by a thorough dewaxing process using organic solvents 

with different polarities26. This approach has allowed for several structural 

characterization studies that involved Nuclear Magnetic Resonance (NMR)27, 

Fourier Transform Infrared (FTIR) and/or Raman spectroscopic approaches28. 

Although promising, the best that these spectroscopic techniques can provide 

are parts of the puzzle (though significant) that reveal either a time-averaged 
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structure or a statistical distribution of possible structures. In particular, cutin 

spectral features through solid state NMR analysis show many overlapping 

signals27; an archetypal feature observed in other complex multifunctional 

polymers29. Better resolution can be attained using HRMAS that rely on the 

viscous phase promoted by the swelling of the polymer mediated by a 

deuterated solvent. HRMAS resolution can be further enhanced when using a 

2D mode that increases the quality of the structural information that can be 

retrieved14. Spectroscopic approaches have played an important role on our 

current understanding of cutin by providing important information on the 

identity and conformation of specific functional groups20.  Like solid state NMR, 

Raman and FTIR have the advantage of not destroying the samples; yet some 

limitations exist. For example, in Raman, the interference caused by the 

fluorescence effect may lead to signals overlap, and, in FTIR, the signal of 

water may mask other signals and the sample thickness and homogeneity 

influences the signal saturation28.  

To complement the information retrieved by the direct characterization 

of the polymer, diverse depolymerization techniques have been employed to 

obtain monomers and/or oligomers that help to elucidate how they are linked 

together. The most common approaches rely on the use of a strong base  

(e.g. NaOH) or a strong acid (e.g. HCl) to extensively hydrolyze the polymer. 

The resultant hydrolysate is usually analyzed by Gas Chromatography-Mass 

Spectrometry (GC-MS). This technique is very reliable not only for the 

identification but also for the quantification of cutin monomers/oligomers, 

allowing also to infer, to some extent, structural data18,22. Nevertheless, in 

some cutins, a part of the polymer might be recalcitrant to hydrolysis, and 

amongst the hydrolysate constituents some non-volatile high molecular 

weight oligomeric structures may be found. An alternative approach is to 

perform mild depolymerization reactions; usually using sodium methoxide 

(NaOCH3) or calcium hydroxide (Ca(OH)2) to obtain cutin oligomers that can 

be analyzed for example through solution-state NMR, increasing significantly 

the level of resolution and providing clues about the intramolecular linkages 
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between the polyester units22. The controlled depolymerization of cutin can 

also be attained through the action of cutin hydrolytic enzymes (cutinases), to 

obtain both monomers and oligomers. This strategy can be coupled to group 

specific labelling techniques such as dansylation or benzyl-O-alkylation, which 

allows for the determination of cutin oligomeric structure when combining 

several Mass Spectrometry (MS) methodologies30. Benzyl etherification of 

free OH groups of cutin is an experimental strategy used to probe cutin 

polymerization and when combined to GC-MS and Raman microspectrometric 

imaging allows to infer esterification and polymerization levels of this plant 

polyester20. The current reality points out for the need of multidisciplinary 

approaches that would involve the expertise of both polymer chemists and 

plant researchers, in a combined effort to improve the current methodologies 

to recover and analyze these complex polymers. 

Very recently, we proposed an alternative methodology for the 

recovery of a near native cutin from the peels of fleshy tomato fruits31. This 

methodology uses as extraction solvent the ionic liquid cholinium hexanoate, 

which apparently dissolves most of the cuticular components except the 

polymer cutin that can be purified simply by filtration. Besides the inherent 

time efficiency of the extraction process, our data showed that different ionic 

liquids can selectively solubilize distinct cutin-associated polysaccharides, 

opening the possibility to resolve important questions in the mechanism of 

transport of cutin precursors. In our study, the ensuing polymer was submitted 

to extensive cryogenic milling to reduce its crystallinity and particle size yet 

eliminating possible oxidation side-reactions. This innovative strategy allowed 

for the first time to perform solution-state NMR analysis of cutin31, constituting 

a decisive step forward to decipher its structural arrangement. Moreover, the 

possibility to obtain two-dimensional solution-state NMR spectra and perform 

quantifications either through 31P NMR or by the use of an internal standard 

further enhanced the quality of the data. As such, the quantitative methods 

support/validate the assignments and the relative quantification of specific 

groups (free acids, aliphatic and aromatic hydroxyls and total esters) allowing 
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to establish direct comparisons between wild type and mutant plants impaired 

in key biosynthetic genes24,31. The combination of this strategy with the 

analysis of its monomeric/oligomeric constituents can provide means to 

overcome some of the major limitations inherent to the study of complex plant 

polymers, such as cutin. Additionally, it can push forward the understanding 

of cutin biosynthesis and its deposition in planta. This ionic liquid-based 

strategy to recover a highly esterified and preserved cutin polymer as well as 

its solution NMR characterization are further discussed in Chapter II. 

 

Cutin structure 

From all the efforts made over the years to try unraveling the structure 

of this polymer, several models on the architecture of cutin have been 

proposed. In a recent review, Fich et al. (2016) propose three possible 

molecular structures based in different monomeric compositions. The 

possibilities were: a) an elongating linear chain with single hydroxyl group fatty 

acids; b) a branched structure due to the presence of dihydroxy fatty acids;  

c) or the presence of dicarboxylic acids and glycerol that would allow for ester 

cross-link to occur. The truth is that the insoluble nature of cutin and its, still 

unclear, association with the epidermal cell wall, makes structure 

determination a huge challenge, but several contributions are here presented. 

A schematic representation of the most commonly found functional groups of 

cutin is depicted in figure 2. 
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Figure 2 – Schematic representation of the most commonly found functional groups 

of plant cutin. Circle colors indicate the putative positions of each functional group 

(primary aliphatic ester, secondary aliphatic ester, acylglycerol ester, aromatic ester, 

primary hydroxyl groups, secondary hydroxyl groups, free acids, epoxide groups and 

alkene groups) in the structural arrangement of the plant polyester cutin. 

 

As previously mentioned, in A. thaliana, one of the best characterized 

models, it was demonstrated that dicarboxylic acids account for more than  

40 % of the total cutin monomer load, indicating that these are key structural 

components both in leaves and stems. One possibility is that these  

α- ω dicarboxylic acids could bridge hydroxyl groups from the aliphatic 

backbone of cutin to the ones present in cell wall components through ester 

bonds16. Additionally, the low mid-chain hydroxylation observed could lead to 

a less crosslinked arrangement and a parallel alignment of the aliphatic 
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chains. Both characteristics are in line with the observation that the cutin from 

Arabidopsis is much more similar to what is reported to suberin, a related 

polymer also DCA-rich, rather than with other cutins16. The presence of 

glycerol in this plant polyester was observed several years ago18, but its 

structural role was just recently demonstrated. A molar ratio of 2:1  

(glycerol: DCA) was observed in both leaves and stems of Arabidopsis plants. 

Moreover, loss of monomers in mutants depleted of key biosynthetic genes 

kept this proportion in the analyzed cutins, leading the authors to propose that 

Glycerol-DCA-Glycerol may constitute the major structural unit in Arabidopsis 

cutin17. Such an arrangement was seen in the past for suberin, although 

unusual, it is in line with the observations of Franke et al. 2005. One of the 

implications is related to the insolubility of cutin, which would require that at 

least one of the glycerol groups would be directly linked to the cell wall 

components. This way, cutin would be considered an heteropolymer instead 

of a polyester of exclusive lipidic nature17. As ω-hydroxy fatty acids (ω-OHFA) 

are considered keys monomers in most cutins it was important to understand 

how this structural organization would accommodate them. Three possibilities 

were proposed: 1 – cutin would be formed of Glycerol-DCA-(ω-OHFA)n-

Glycerol units; 2 – (ω-OHFA)n would be esterified in different positions with 

glycerol; 3 – the DCA-rich domains of cutin would be spatially separated from 

the C16 ω-OHFA rich cutin17.  

A different study comparing distinct plant cutins provided clear 

evidence that a representative feature of the structure of this polymer is the 

interesterification of the ω-hydroxy acids22. After analyzing the products of the 

partial depolymerization, which were confirmed as representative of the 

polyester structure, the authors verified that almost all of the primary hydroxy 

groups are esterified and a large number of the secondary groups as well. A 

cutin rich in C16-OHFAs like the one of the tomato fruits shows a high 

proportion of secondary esters which is indicative of a more branched 

structural arrangement leading to a less ordered and reticulated polyester. 

Recently these observations were further confirmed on a study with ionic liquid 
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isolated cutins from tomato, in which high levels of both esterification and 

reticulation were observed31 (Chapter II). On the other hand, the C18-rich 

cutins like the one of Hedera helix with low levels of secondary esters would 

give rise to a more linear and ordered polyester, with possible formation of 

secondary crystalline structures22. Curiously, using HRMAS NMR, it was 

possible to understand that in Agave americana a significant presence of 

epoxide groups in ester bonds turns this cutin very different from other well-

studied cutins. Additionally, α-branched carboxylic acids were also present in 

the leaf cutin of this plant, which also presents an amorphous structure32. 

Recently, a similar trend to that observed for A. americana was also detected 

through solution-state NMR in C. annum, where the presence of epoxide 

groups, hinders the formation of crystalline regions, leading to a highly 

amorphous polyester24. Moreover, this cutin shows high levels of esterification 

which is characteristic of a very rigid and reticulated structural arrangement. 

In fruit cuticles, the possibility of a covalent association of the cutin 

polyester with polysaccharides has also been recently proposed as a putative 

evolutionary marker important for land adaptation33. This feature was 

observed previously in studies involving the oligomeric structure of lime fruit, 

where it was detected, after controlled hydrolysis of the polyester, the 

presence of an oligomer that apart from the hydroxy fatty acid moiety also 

contained a sugar unit34. This may be indicative of a direct link between the 

polymer cutin and the cell wall, possibly strengthening the cell wall against 

biotic stress as observed for suberin35. This observation was further confirmed 

in a subsequent work in which a glucoside-linked hydroxy fatty acid tetramer 

was identified36. In fact, very recently, it was suggested that esterification 

between cutin monomers and cell wall derived polysaccharides can occur as 

a result of the action of a cutin: xyloglucan transacylase (CXT)37, opening new 

questions about the true nature of the interaction between the constituents of 

the cuticle-cell wall continuum. Together, these observations strongly suggest 

the idea of alternative crosslinking possibilities that might influence the 

structure of cutin as well as the organization of the cuticular barrier.  
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In the tomato fruit, the removal of the polysaccharidic fraction from the 

cuticle decreases the stiffness of the barrier, strongly suggesting that 

polysaccharides might be somehow linked or incorporated into the cutin 

matrix, contributing directly to the elastic behavior of the cuticular 

membrane38.  A very recent study also proposed that not only pectin, but also 

crystalline cellulose and hemicellulose are embedded into the matrix of cutin, 

being referred to as Cutin Embedded Polysaccharides (CEPs)39. Moreover, 

analysis of CUS1-silenced lines shows higher content of CEPs compared to 

WT purified cutins, demonstrating that there might be a correlation between 

the ratio of polyester/polysaccharides, cutin content and level of crosslinking. 

The presence of crystalline cellulose might influence the mechanical 

properties of the cuticular layer. Microcrystalline cellulose was detected in our 

recent study on cutin isolated from tomato peels using cholinium hexanoate; 

yet absent when imidazolium acetate was used instead31. More recently, we 

also performed a semi-quantitative immunoblot detection of microcrystalline 

cellulose, which made evident that a lower proportion is present in wild type 

cutins compared to the one from the gpat6 and cus1 mutants24. This dataset 

was complemented by the quantification of total hydrolysable carbohydrates 

present in ionic liquid isolated cutins, confirming their residual contribution  

(≤ 1 ng of carbohydrates per mg of cutin) for the polyester’s physicochemical 

properties24. The strongest hypothesis proposed so far is that pectin might be 

covalently linked to cutin monomers through an ester bond. Additionally, 

esterified pectin might create a favorable environment to aid the diffusion of 

cutin precursors to the apoplast, which would occur in close association with 

the subsequent action of CUS1 in the polymerization steps39.  

Cutin is commonly presented as a polymer with high levels of 

branching, which was confirmed in the past with the observation that both 

primary and secondary hydroxy groups from the major cutin monomer in 

tomato can be esterified20. This is possible by the action of the CUS1 enzyme 

in a reaction that leads to the release of glycerol, also in accordance to the 

low levels of this monomeric constituent usually assigned to most cutins20. 
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These features point to a highly esterified polymer with a highly reticulated 

arrangement. Moreover, the ratio of total esters vs. linear esters is significantly 

reduced in the cus1 mutant when compared with the wild type, as confirmed 

by integration of the 1H NMR signals (Chapter II). We  broadened our analysis 

by introducing quantification strategies (use of benzene as internal standard 

and 31P NMR) granting the possibility do discriminate and compare the specific 

contribution of primary and secondary esters in each sample, as well as the 

exact amount of free hydroxyl and acid groups24. This allowed establishing 

direct correlations between the esterification level and crystalline arrangement 

of distinct cutins, reinforcing the idea that lower degrees of esterification favor 

the formation of crystalline moieties and that secondary esters hinder the 

packing of aliphatic chains. 

The occurrence of phenolics was proposed to correlate with the rigidity 

of the cutin matrix, as they influence chain mobility and may lead to a highly 

compact and rigid polymer. Their presence was suggested to result in a less 

elastic polyester during tomato fruit ripening38. Amorphous and highly 

crosslinked polymers like cutin also present some cavities that are possibly 

related to the diffusion of specific molecules across the polyester40. The 

storage and dissipation of energy are two properties assigned to cutin –

already proposed as one of the most naturally occurring energy dense 

molecules. This was explained with the highly efficient chemical organization 

of this polyester, which could favor the efficient storage of carbon based 

energy30. Cutin is usually characterized by its amorphous nature, regardless 

that a few crystalline structures can also occur, as recently demonstrated by 

us using X-ray scattering and calorimetry analyses24 (Chapter III). We 

analyzed the crystallinity and thermal properties of cutins isolated from two 

mutants impaired in key biosynthetic genes (cus1 and gpat6) and the 

corresponding wild type. Both mutants present cutin with extremely organized 

crystalline regions resulting in enhanced resistance to temperature treatment 

compared to the wild type. 
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Cutin biosynthesis 

Remarkable advances on the knowledge of cutin chemistry have been 

made along the years, especially by the identification of many of the 

composing monomeric constituents across a broad number of different plant 

species. However, our understanding of cutin functional relevance is still 

hindered by limited knowledge of the molecular and supra-molecular 

organization of the polymer. The biosynthetic pathway of cutin has been 

elucidated during the last years; it starts with the biosynthesis of the different 

monomers, which are then exported to the apoplast and subsequently 

polymerized on the external surface of the epidermal cell walls to form the 

polymer network13 (Figure 3).  

 

Figure 3.  Schematic representation of cutin biosynthesis. Relevant protein families 

are highlighted. 
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The first step of the biosynthesis of cutin is the  de novo fatty acid 

synthesis inside epidermal cells, followed by the ω- and mid-chain 

hydroxylation of the newly formed fatty acids, ultimately leading to the 

formation of a dihydroxyhexadecanoic acid-CoA ester9,41. In Arabidopsis,  

acyl-CoA precursors are synthesized by members of the long-chain acyl-CoA 

synthetases (LACS) family42. The coordinated action of two P450 cytochrome 

family enzymes is required to modify the initial precursor: a ω-hydroxylase 

(CYP86 subfamily) introduces a terminal hydroxyl group forming the 

intermediate ω-hydroxyhexadecanoic acid, which is then modified by a  

mid-chain hydroxylase (CYP77 subfamily) to form the  

10,16-dihydroxyhexadecanoic acid41 - the major cutin monomer in most plant 

species. Also in Arabidopsis, the LACERATA (LCR) gene was shown to 

encode for an additional cytochrome P450 monooxygenase responsible for 

the ω-hydroxylation of fatty acids during cutin biosynthesis.43 In tomato, 

SlCYP86A69 which possesses NADPH‐dependent ω‐hydroxylation activity, 

is known to be under the control of the SlSHN3 transcription factor that 

regulates several genes related to cutin metabolism. This enzyme - 

SlCYP86A69 - can use both C18 and C16 fatty acids as substrates for  

ω-hydroxylation44, and another one - SlCYP77A1 -  catalyzes mid-chain 

hydroxylation of C16 fatty acids45. 

The formation of cutin precursors involves the action of members of 

the glycerol-3-phosphate acyl-CoA acyltransferase (GPAT), which are 

responsible for the synthesis of sn-2-monoacylglycerols from the 

biosynthesized oxygenated fatty acids46. The GPAT family has been analyzed 

in Arabidopsis and tomato plants. Arabidopsis has 8 members of the GPAT 

family, from which two - GPAT4 and GPAT8 - were previously reported to be 

expressed in the epidermal cells of the stem47. Using gain- and  

loss-of-function mutants it was demonstrated that GPAT4 is involved in the 

first steps of cutin synthesis and that its acyltransferase action is functionally 

redundant with that of GPAT8 in the DCA-rich cutins found on the stem and 

leaves of Arabidopsis plants48. More recently, it was demonstrated that 
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GPAT4 and GPAT6 present a bifunctional acyltransferase/phosphatase 

activity in C16-enriched cutins. This observation, confirms their role in the 

formation of sn-2-monoacylglycerol, which constitute important intermediates 

in the process of cutin synthesis49. Not surprisingly, in tomato it was shown 

that the SlGPAT6 is able to produce monoacylglycerol (MAG), reinforcing the 

idea that this acyltransferase plays a relevant role in the synthesis of cutin 

during early stages of tomato fruit formation50. 

GPATs are just one part of an intricate machinery in the formation of 

cutin oligomers, since their formation also requires the action of the BAHD 

acyltransferase super family of enzymes51. In the surface of the flowers of  

A. thaliana, the DEFECTIVE IN CUTICULAR RIDGES (DCR) gene encodes 

for a putative acyltransferase that is essential for the incorporation of  

9(10), 16-dihydroxyhexadecanoic acid in the polymer (i.e. oligomerization).  

Moreover,  protein localization analysis suggested that the oligomerization 

occurs, at least partially, in the cytoplasm51. More recently, it was reported that 

the DCR encoded enzyme may also act as a diacylglycerol (DAG) 

acyltransferase, catalyzing the formation of triacylglycerol (TAG)52. These 

findings that support the important role of the DCR enzyme in cutin 

biosynthesis,  led the authors to also propose that hydroxy fatty acids 

containing TAG may be precursors for cutin biosynthesis52. The role of this 

acyltransferase could be confirmed in tomato, as SlDCR-RNAi fruits 

presented significantly reduced levels of 9(10), 16-dihydroxyhexadecanoic 

acid, leading to cracking and subsequent suberization of the fruit surface53.  

The synthesis of additional cutin monomers relevant for cutin formation 

seems to involve a cytosolic epoxide hydrolase AtEH1  

(EPOXIDE HYDROLASE 1), recently proposed as a key element in the 

synthesis process of poly-hydroxylated cutin monomers54. Moreover, the 

Hothead (HTH) gene, which encodes for a GMC oxidoreductase family 

member and is expressed in epidermal cells in Arabidopsis, catalyzes the 

oxidation of long-chain ω-hydroxy fatty acids to oxo-fatty acids, leading to the 

formation of α-,ω-dicarboxylic acids55.   
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The sequence of biosynthetic reactions yielding cutin precursors occur 

intracellularly; however, the enzymes required for their polymerization localize 

extracellularly56,57. Consequently, these precursors need to be transported 

from the epidermal cell to the apoplastic space where the assembly of the 

polymer occurs58. The delivery of cutin building blocks (i.e. precursors) is 

thought to be mediated by vesicles that help delivering them to the plasma 

membrane, as previously demonstrated for wax precursors in Arabidopsis59. 

The final step of the export - delivery of cutin components to the apoplast is 

mediated by ABC transporters (ATP-binding cassette transporters)58. Several 

studies have been performed over the last years to identify members of this 

family of ABC transporters involved in this process. The ABCG11 transporter 

was the first to be reported has having a direct correlation with cutin monomer 

export. Consistently, the abcg11 mutants showed features associated with 

cutin mis-polymerization, such as organ fusion, reduced cutin load and altered 

cuticular permeabilty60. However, these mutants displayed cutin monomers at 

the surface tissues of the plant, which is suggestive of the participation of other 

transporters. In fact, shortly after, the same authors reported that mutants of 

the ABCG13 transporter (closely related to ABCG11) show similar cuticular 

associated defects; yet, only in the floral organs of the plant, and a significantly 

reduced amount of cutin monomers61. Characterization of the Permeable 

Cuticle1 (pec1) mutant in Arabidopsis led to the identification of a different 

transporter also involved in the cutin biosynthetic pathway. This mutant, which 

results from the knockout of the ABCG32 transporter of the PLEIOTROPIC 

DRUG RESISTANCE (PDR) family, shows enhanced cuticle permeability, 

high reduction of oxygenated fatty acids and structural alterations of the 

cuticular layer, thus indicating a role in cutin monomer export62. Very recently, 

a true ortholog of the AtABCG32 was reported in tomato (SlABCG42)63. Its 

expression under the control of the native promoter of the Arabidopsis 

transporter demonstrated the ability to complement the cutin defective 

deposition and permeability phenotypes in the pec1/atabcg32 mutant. 
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As soon as the precursor cutin units reach the apoplastic space, their 

polymerization can happen through the action of specific enzymes that 

assemble the polymeric pieces into a structured lipidic layer. The main 

enzyme responsible for this step is a member of the Gly-Asp-Ser-Leu (GDSL) 

family of esterases/acylhydrolases, commonly called GDSL-lipases, which 

was recently named Cutin Synthase 1 (CUS1)64. The characterization of the 

cutin deficient 1 (cd1) mutant in tomato guided the discovery that  CD1 was 

an extracellular enzyme with cuticular localization required for  

cutin biosynthesis57. The mutant showed accumulation of  

2-mono(10,16-dihydroxy-hexadecanoyl) glycerol (2-MHG), the 2-MAG 

configuration of the major monomer present in tomato cutin. In addition, a 

recombinant CD1 enzyme could perform in vitro the transesterification of  

2-MHG, which ultimately lead to the formation of cutin oligomers57. Right after, 

a different group also characterized the gdsl1 mutant in tomato confirming its 

cuticular localization, a hydrophobic environment that may favor the 

transesterification of ester precursors, consistent with the observations of the 

first study on the CD1 protein. Additionally, severe reduction in cutin monomer 

content (up to 95 %) and a significant decrease in polymerization were 

observed in this mutant, emphasizing that GDSL1 plays an essential role in 

cutin deposition and polymerisation56. A different enzyme from the  

α/β hydrolase family named BODYGUARD (BDG), was previously shown to 

be cell wall-localized and required for the formation of a proper cuticle 

structure65. More recently, it was demonstrated that the BDG enzyme is 

required for cutin biosynthesis in flowers and leaves of Arabidopsis, due to a 

great reduction in total cutin monomer load observed in bdg defective 

mutants66. Moreover, a up to 4-fold increase was observed when this gene 

was overexpressed, influencing preferentially the levels of  

C18 polyunsaturated ω-OH fatty acids and dicarboxylic acids. These 

observations reinforce the idea that BDG plays a specific function in the 

assembly of the cutin polymer, being required for the incorporation of specific 

monomers in different plant organs66. Importantly, the substrate-selectivity of 



Chapter I 

24 

both BDG and CUS1, is indicative that additional enzymes may be required 

for the proper assembly of the cutin polyester; their discovery is critical for a 

comprehensive understanding of cutin biosynthesis.  

Apart from the enzymatically driven polymerization of cutin, a 

complementary process involving specific nanoparticles that result from the 

self assembly of cutin precursors – cutinsomes – has been proposed67. This 

process relies on pure physicochemical interactions with no enzymatic 

involvement leading to the formation of globular nanostructures. These 

structures ranging from 40 to 200 nm are detected by immunolocalization, 

polymerized at the outer surface of epidermal cell walls68, supporting the 

hypothesis of a polymerization step on the early stages of cuticle formation. 

These cutinsomes were already observed in A. thaliana and S. lycopersicum, 

and are considered as possible sources of branched and crosslinked 

oligomers, complementing the action of CUS1, which is able to generate both 

linear and branched cutin oligomers67.  

In fact, a great wealth of knowledge was generated in the last decades 

in cutin biosynthesis and polymerization. Nevertheless, how polymerization 

events complement each other and the actual sequence of events leading to 

the formation of the cuticular matrix of cutin still remains to be unraveled. 

 

Biological roles of cutin 

The structural arrangement of cutin, ultimately leads to specific 

properties that impact its biological functions as demonstrated by extant 

scientific literature. 

  

Water control 

It is well known that the cuticle is characterized as a barrier that helped 

plants to prevent water loss, when these organisms moved from aquatic to 

terrestrial ecosystems7. Intuitively, it would be assumed that a thick cuticle 

should provide a less permeable barrier, thus leading to plants that are more 

resistant to water loss69. Nevertheless, several studies have shown that no 
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correlation can be established between the thickness and the permeability of 

the cuticular barrier. The question that rises from these observations is 

whether the structural components of this barrier might have a direct role in 

water content control.  

A study on three tomato cutin-deficient mutants (cd1, cd2 and cd3) did 

not show any clear correlation between water loss and cutin content. All three 

mutants showed high reduction of cutin content (≥ 95 % wt) and the one that 

showed the lowest decrease cd1 presented higher water permeability70. In 

Arabidopsis, the pec1 mutant showed a decrease in aliphatic cutin monomers 

and also loss of barrier function, more specifically, increased non-stomatal 

water loss62. These studies did not demonstrate a direct effect of the cutin 

amount in the control of water transport, suggestive that its proper structural 

organization is needed to ensure the water barrier properties of the cuticle. In 

line with this idea, a positive correlation was observed between water loss and 

cutin monomer content in pepper, which was associated with an enrichment 

of the major cutin monomer (16-dihydroxy hexadecanoic acid) and an overall 

increase in the amount of C16 monomers23. Plants subjected to water deficit 

showed an increase in almost all classes of cutin monomers, implicating this 

polymer in the mechanisms of response against this abiotic stress in 

Arabidopsis leaves71. The proposed explanation was that such an enrichment, 

followed also by enrichment of wax monomers, would contribute to the 

formation of a less permeable cuticle, allowing the plant to cope with water 

deprivation. Also in Arabidopsis, the study of plants impaired in key cutin 

biosynthetic genes (BDG, ATT1 and LACS2) led to the establishment of a 

correlation between cutin biosynthesis and the induction of ABA synthesis 

under osmotic stress conditions72. The results not only pointed out for a 

common defensive role, but also raised the possibility that a shared substrate 

acts as a signaling molecule for the activation of the ABA biosynthetic pathway 

and cutin biosynthesis. To summarize, although it is not clear the way cutin 

influences the water barrier properties of plant cuticles, it is plausible that a 

functional barrier needs cutin integrity and proper organization. Additionally, 
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cutin synthesis might also be intimately involved with other physiological 

response pathways to ensure water homeostasis in plant tissues. 

 

Organ formation 

A second biological role of this polyester is observed in the process of 

organogenesis. Several studies implicate cutin as having a direct impact in 

proper organ separation during plant development. Most of these studies 

analyzed plants impaired in key genes from the cutin biosynthetic pathway 

already mentioned in this review (BDG, GPAT6, DCR, LCR, HTH and LACS) 

and all showed phenotypes that include organ fusion and defective 

cuticle41,43,51,65,73,74. Moreover, at the level of the transcriptional regulation of 

these genes, we can also confirm the relevance of cutin for proper organ 

formation. Mutant plants impaired in the entire clade of SHN transcription 

factors, major regulators of the cutin biosynthetic pathway, also showed organ 

fusion in addition to early flower abcission75. To further support these 

observations, the expression of fungal or plant-derived cutin-degrading 

enzymes was shown not only to disrupt the cuticle barrier but also to result in 

organ fusion in the aerial organs of Arabidopsis plants76,77. Altogether, these 

observations clearly show that proper cutin assembly and organization is 

needed to ensure the integrity of the cuticular barrier, which is essential for 

the proper formation of plant organs. 

 

Plant immunity 

The epidermis is a tissue that has been identified as essential to 

perceive and transduce a plethora of environmental cues that thrive the proper 

plant developmental mechanisms. Apart from its primary role of providing 

physical protection, the shoot epidermis also constitutes an important platform 

for sensing external signals, which are crucial to orchestrate defensive 

responses78. The cuticle is the outermost defensive barrier of land plants and 

constitutes a barrier for the entrance of pathogens. Although bacteria and 

viruses usually infect by wounds or through stomata, fungi have been shown 
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to be able to penetrate the intact barrier79. This is possible due to the action of 

specific cutin-degrading enzymes produced by fungi. These extracellular 

enzymes usually referred to as cutinases are serine esterases that belong to 

the α/β hydrolase family80. These enzymes were first isolated in fungal 

organisms growing on cutin as the sole carbon source81. When secreted, 

fungal cutinases are able to hydrolyze the polymer, first into oligomers and, 

after longer incubations, these oligomers can be further hydrolyzed to 

monomers; although, it is still possible to observe the presence of dimers or 

larger oligomers after extensive cutinase treatment79. When the spore of a 

pathogenic fungus lands on the surface of a plant organ it secretes cutinases 

that lead to the release of cutin monomers. These cutin monomers trigger the 

expression of additional cutinase genes, which then targets the secretion of 

the enzymes to the infection structures82.  

Apart from the role of providing signals to aid fungal infection, cutin 

monomers were also proposed to constitute endogenous elicitors of plant 

defenses. The first indication was provided in a study with barley and rice in 

which, spray application of cutin monomers, resulted in acquired resistance 

against Erysiphe graminis and Magnaporthe oryzae, respectively83. A 

subsequent study from the same group focused on the action of free cutin 

monomers in suspension-cultured potato cells. The authors observed a rapid 

alkalinization of the cell suspension in response to cutin monomer treatment, 

as well as a stimulation of ethylene production and accumulation of plant 

defense-related genes84. These two studies constituted an initial step to the 

observation that cutin and the cuticular barrier may constitute a two-way 

interface in plant pathogen interactions.  

Pointed out as potential immune elicitors in plants, cutin monomers 

were explored in the following years as damage-derived immune elicitors. 

Plants rely on their innate immune system to detect and respond to potential 

threats by pathogens. Accordingly, they have developed a two layer defensive 

system consisting of: a) pattern-triggered immunity (PTI) - a first line defense 

that relies on the action of surface localized pattern recognition receptors 
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(PRRs), which detect both pathogen-associated molecular patterns (PAMPs) 

and damage-associated molecular patterns (DAMPs), signatures derived 

from invading organisms or the host, respectively85; b) Effector-triggered 

Immunity (ETI) – a second layer of immunity that counts with the ability of 

intracellular receptors, most of which nucleotide-binding site leucine-rich 

repeat (NBS-LRR) proteins, to detect virulence effectors secreted to the 

intracellular space by the invading pathogens85. After the initial step of ligand 

perception by PRRs, the action of specific receptor-like cytoplasmic kinases 

(RLCKs) is required to link receptor activation with downstream intracellular 

signalling86. This process, ultimately leads to a defense response that 

frequently involves the production of reactive oxygen species (ROS), a rapid 

calcium influx, activation of mitogen-activated protein kinases (MAPKs) and 

the induction of immunity-related genes87.  

If plants are really able to perceive cutin constituents as DAMPs, in 

theory these should be among the first immune elicitors released during the 

early stages of infection88. Most of the studies focus on the specific action of 

cutin monomers due to the described action of the cutinase enzyme. When 

hypocotyls of cucumber with its epidermal surface abraded, mimicking a more 

permeable cuticle, were subjected to incubation with cutin hydrolysates from 

cucumber, tomato and apple, an accumulation of H2O2 was observed89.  In 

addition to the direct eliciting activity, these cutin-derived components were 

also able to enhance the activity of a fungal elicitor of ROS. In a subsequent 

study from the same group it was observed that cucumber hypocotyls are able 

to generate H2O2 through a constitutive alternative pathway in response to a 

specific cucumber cutin monomer (DDO, dodecan-1-ol)90. A different cutin 

monomer - 16-hydroxypalmitic acid (HPA), was shown to induce the synthesis 

of H2O2 and to induce the expression of lipid transfer protein genes  

(OsLTP1, OsLTP2 and OsLTP5), as well as a pathogenesis related gene  

(PR-10) in rice leaves91. In a subsequent study by the same group on the 

action of this cutin monomer in Arabidopsis, it was observed a similar induction 

of H2O2 and expression of pathogenesis related genes (PR-1 and PR-4). 
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Moreover, the expression of two Glycine-rich Proteins genes (AtGRP5 and 

AtGRP23), one of which is associated to cell reinforcement in response to 

mechanical tension, suggested a role of these proteins in pathogen defense 

in response to cutin derived signals92.  

To understand if changes in cutin monomer profile would lead to 

different patterns of disease susceptibility, several research projects with 

transformed plants were also conducted. The transformation of tomato with 

the yeast Δ-9 desaturase gene leads to an altered fatty acid profile, 

characterized by a specific increase in the cutin monomer 9-hexadecenoic 

acid. Monomers from this transformed polyester were able to inhibit spore 

germination of the powdery mildew agent Erysiphe polygoni, suggestive of the 

specific involvement of 9-hexadecenoic acid in this effect93. The study of the 

Arabidopsis mutant lacs2 showed that when cutin biosynthesis is impaired a 

highly permeable cuticle is formed94. Nevertheless, contrarily to what would 

be intuitive, increased cuticle permeability enhanced the plant’s resistance 

against major pathogens like Botrytis cinerea and Scleotiorum sclerotinia. The 

increased resistance could be explained by the secretion of a fungitoxic 

diffusate at the leaf surface once a more permeable barrier would allow for the 

diffusion of specific signals that would ultimately lead to the arrest of the 

infection94. Resistance to Botrytis was also observed in mutants of the SM4 

(SYMPTOMS TO MULTIPLE AVR GENOTYPES 4) gene, which encodes the 

LACS2 protein, that showed strong susceptibility to avirulent strains of 

Pseudomonas syringae pv tomato95. These observations strongly suggest the 

existence of specificity on the resistance mechanism to different pathogens 

associated with defects on cutin structure and composition. A different study 

compared the effects of the overexpression of a fungal cutinase in Arabidopsis 

(cute plants) with the bdg mutant, which is impaired in cutin biosynthesis. Both 

plants demonstrated similar cuticle-defective phenotypes, which resulted in 

full immunity against the major necrotroph Botrytis cinerea. Immunity was 

accompanied by the release of a diffusate with fungitoxic activity, possibly 

constituting a first line defense in plants with defective cuticles96.  In addition, 
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a second line of defense included the specific induction of genes from the Lipid 

Transfer Proteins (LTP), members of the class III PER gene, and Proteinase 

Inhibitor (PI) families96. More recently, cuticle permeability was linked to higher 

ROS production upon infection with Botrytis cinerea, leading the authors to 

propose that the cuticle might act as a sensor for pathogen invasion that 

triggers ROS production upon cuticular disruption97. In contrast with the 

studies on Arabidopsis, the tomato mutant lines cd1, cd2 and cd3, which 

display a dramatic reduction on cutin content (≥ 95 % wt), showed increased 

susceptibility to Botrytis infection compared to wild type fruits70. To increase 

the complexity of the potential action of cutin in plant resistance against 

pathogens, the Arabidopsis Resurrection 1 (rst1) mutant showed elevated 

cutin monomer content and normal cuticular permeability. These features led 

to enhanced resistance against two major necrotrophs, B. cinerea and  

A. brassicicola, suggesting a different mechanism of resistance that is not 

directly related to cuticular permeability98. A strong correlation between 

defensive properties of cutin and its composition was established on a study 

of gpat6 mutant lines in two solanaceae plants – Nicotiana benthamiana and 

Solanum lycopersicum. Overexpression of the GPAT6 gene in  

N. benthamiana greatly increased the total leaf cutin content and enhanced 

resistance to Phytophtora infestans, while attenuation or knock out of its 

expression led to opposite effects, suggestive of cutin participation in 

resistance to Phytophtora infection99. Transcriptome analysis of the tomato 

gpat6 mutant leaves upon infection with P. infestans, revealed a high induction 

of genes involved in immune responses. Among these, there were several 

leucine-rich repeat receptor kinases (RKs), with the most striking being 

SERK3/BAK1 and a tomato homolog of ERECTA, which were correlated with 

a reduced number of stomata in the leaves of the mutant99. Being RKs 

important for PTI, this result represents strong evidence of the connection 

between cutin biosynthesis and plant immune signaling. 

In the last decade, several groups also devoted their efforts to 

understand if the transcriptional regulation of cutin biosynthesis is linked to 
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plant defense. It was shown that a gain-of-function mutant (shn1-1D) of the 

transcription factor SHINE1/WAX INDUCER1 (SHN1/WIN1) that regulates 

plant’s surface lipid metabolism - was characterized by altered cutin monomer 

content rendering a permeable cuticle. This mutant was more susceptible to 

Botrytis cinerea infection and, upon infection demonstrated increased ROS 

accumulation and strong activation of defense related genes, which resulted 

in the observed plant sensitivity and death100. In tomato, slshn3-oe leaves 

present higher cutin monomeric content associated with higher permeability 

and enhanced resistance to both B. cinerea and X. campestris pv. vesicatoria. 

Moreover, when cutin monomers of the slshn3-oe leaves where exogenously 

applied to wild type leaves, the activation of the expression of several 

pathogenesis-related genes upon infection was observed101. Very recently, it 

was shown that another Arabidopsis mutant called eca2, displaying 

constitutive expression of the ATL2 gene, which encodes a RING-H2 protein 

induced by PAMPs or DAMPs, also display a permeable cuticle associated to 

a reduced cutin content. In this case, the mutant plants were resistant to  

P. syringae and B. cinerea, which was explained by the fast ROS 

accumulation and transcriptional induction of both early and late defense-

response genes102.  

Although cuticular deficiency may trigger the expression of specific 

defense-related genes, the mechanism through which this occurs is a mystery 

that remains unresolved. One of the strongest possibilities is that specific cutin 

monomers and/or oligomers play a signaling role because they seem to be 

perceived by plant cells, inducing immune responses103.  

To identify specific cutin-derived elicitors, the mechanisms involved in 

their perception and potential pathways triggered in response to pathogen 

invasion, we tested how different levels of cleavage of the polymer influence 

hallmark immune responses in the model plant A. thaliana.  Our results show 

that cutin with low levels of ester cleavage and oligomers obtained by its 

controlled depolymerization are able to induce first line immune responses 

such as Ca2+ influx, MAPK activation and transcriptional reprogramming. 
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These results, which are presented on this thesis on Chapter IV, together with 

the observed defensive action of cutin monomers, seems to point out for a 

sequential activation of the immune system dependent on the level of 

esterification of the eliciting molecules, although additional tests are still 

needed to confirm this hypothesis. A schematic representation of the immune 

responses elicited by cutin-derived molecules is depicted in figure 4. 

 

 

Figure 4.  Schematic representation of the immune responses elicited by cutin derived 

molecules. 
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Contribution of this thesis and Future perspectives 

The work developed in this thesis established an ionic liquid-based 

isolation method for cutin that renders high preservation of its polymeric 

backbone (Chapter II). Due to its simplicity, this methodology has the potential 

to be broadly adapted to different plant tissues and species. This constitutes 

an original contribution, suggesting an alternative cutin isolation strategy that, 

when coupled with cryogenic milling, allowed for the first time to obtain solution 

NMR spectra of this plant polyester (Chapter II). Moreover, when applied to 

different sources, the NMR-based characterization of cutins coupled with 

thermal and scattering analyses, setup a fine correlation between chemical 

and physicochemical properties, essential to exploit its biotechnological 

potential (Chapter III).  The possibility to isolate a near-native cutin, allowed 

also to generate an ex-situ strategy to explore the effects on cutin degradation 

by pathogens in the activation of plant immunity (Chapter IV). Cutin 

degradation products are considered as DAMPs released during the early 

stages of infection. Although some monomers and hydrolysates have proven 

their ability to induce immune responses, the molecular mechanisms through 

which these products are sensed and how they trigger plant defenses remains 

unknown104. Moreover, the examples of oligogalacturonides (OGs), cellulose 

derived oligomers like cellobiose105, Arabinoxylan-Oligosaccharides106 and 

mixed-linked β-1,3/1,4-glucans (MLGs)107, recently proposed as DAMPs 

together with the new data we present on this thesis for the action of cutin 

oligomers, strongly support the idea that oligomers may be the first elicitors 

perceived in cutin-mediated immunity. Our main goal was to demonstrate that 

upon hydrolysis, a certain degree of esterification was required for the 

initiation of the immune response. To complement the proposed hypothesis, 

future efforts should focus on the uniqueness of the eliciting activity 

demonstrated by cutin oligomeric mixtures at a transcriptional level  

(Chapter IV). Additionally, the effort to unravel the mechanism of perception 

of these signals will involve the generation of specific mutants, to identify the 

family of receptors able to sense these molecules. First observations based 
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on MAPK activation assays point to an undescribed pathway, as it was 

observed that common co-receptors are not involved in responsiveness to 

these oligomeric molecules (Chapter IV).  We do not reject that monomers 

also act as elicitors, as it was already observed extensively in literature. 

Indeed, our results add complexity to the way cutin degradation works in plant 

defense pointing to the possibility of different levels of immune activation 

correlated with the degree of cleavage. Moreover, taking into consideration 

that several cell wall derived molecules also act as DAMPs, a synergistic effect 

from molecules deriving from different elements of the cuticle/cell wall 

continuum should also be considered in future studies.  
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Outline: The following chapter presents a published work in its original form. A novel 
ionic liquid-based methodology to isolate cutin is presented. When coupled with 
cryogenic milling, this approach allowed, for the first time to perform solution NMR 
characterization of cutin. The systematic characterization of cutin extracted from peels 
of the miniature tomato cultivar Micro-Tom in wild type and mutants of specific cutin 
biosynthetic genes is also presented in this chapter.  
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Abstract 

The biopolyester cutin is ubiquitous in land plants, building the 

polymeric matrix of the plant’s outermost defensive barrier, the cuticle. Cutin 

influences many biological processes in planta; however, due to its complexity 

and highly branched nature, the native structure remains partially unresolved. 

Our aim was to define an original workflow for the purification and systematic 

characterization of the molecular structure of cutin. To purify cutin we tested 

the ionic liquids cholinium hexanoate and 1-butyl-3-methyl-imidazolium 

acetate. The ensuing polymeric materials are highly esterified, amorphous, 

and have a typical monomeric composition as demonstrated by solid-state 

NMR, complemented by spectroscopic, thermal, and x-ray scattering 

analyses. We performed a systematic study by solution-state NMR of 

cryogenically milled cutins extracted from tomatoes (Solanum lycopersicum 

‘Micro-Tom’; the wild type and the GLYCEROL-3-PHOSPHATE 

ACYLTRANSFERASE [GPAT6] and CUTIN SYNTHASE [CUS1] mutants). 

We resolved their molecular structures, relative distribution of ester aliphatics, 

free acid end-groups and free hydroxyl groups, differentiating between those 

derived from primary and secondary esters. Our data demonstrate the 

existence of free hydroxyl groups in cutin and provide insight into how the 

mutations affect the esterification arrangement of cutin. The usage of ionic 

liquids for studying plant polyesters has advantages over conventional 

approaches, since simple modifications can be applied to recover a 

biopolymer carrying distinct types/degrees of modifications (e.g. preservation 

of esters or cuticular polysaccharides), which in combination with the solution 

NMR methodologies developed here, constitutes essential tools to fingerprint 

the multifunctionality and the structure of cutin in planta. 
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Introduction  

Plant polyesters, namely cutin and suberin, are the third most 

abundant plant polymers after cellulose/hemicellulose and lignin. Naturally, 

due to their high abundance in nature, plant polyesters are considered as 

promising substitutes for petroleum-based plastics1. In particular, cutin makes 

up the polymeric matrix of the cuticle that builds the protective layer of the 

aerial parts of land plants; an evolutionary feature acquired during the 

colonization of terrestrial environments2. The cuticle constituents (cutin and 

waxes) are deposited onto the polysaccharide layer of the walls of the 

epidermal cells3. Cutin is, in general, a highly branched polymer, mainly 

composed of C16 and C18 fatty acids, containing mostly terminal (ω-hydroxyl) 

and midchain hydroxyl groups, linked through ester bonds. Other functional 

groups, such as aromatics, dicarboxylic acids, and glycerol, can also be found 

in cutin in low amounts4.  

 Over the years, many authors have contributed to elucidate the roles 

played by cutin in diverse biological processes of plant development, growth, 

and response to biotic and/or abiotic stresses2. However, current methods for 

the extraction and analysis of cutin polyesters have inherent limitations. The 

extraction of cutin from a plant source usually relies on time-consuming 

processes that include enzymatic digestion of polysaccharides followed by 

thorough organic solvent extraction of the soluble waxes present in the 

cuticle5. In addition, the chemical analyses of cutin used most frequently are 

based on total/partial hydrolysis of the polyesters and therefore disclose solely 

the monomeric constituents6,7, although sometimes solid-state spectroscopic 

based analyses of the polymer are used7,8. The monomeric constituents can 

disclose a partial view of the basic composition of the biopolymer  

(i.e. the hydrolyzable constituents), providing insights into its biosynthesis9, 

but they do not reveal the structural molecular organization, which remains 

largely unknown2,9. To advance our understanding of important cutin-related 

questions, such as interactions between cutin and the cell wall polymers or 
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the role of cutin in defense against pathogens10, a better insight into the 

structure of cutin in its native state is required. 

 Ionic liquids, usually defined as salts in a liquid state below 100 °C, 

may facilitate the processing of plant polymers due to their capacity to induce 

swelling/solubilization and/or catalyze the cleavage of specific intermolecular 

bonds11. In particular, some imidazolium-based ionic liquids can efficiently 

disrupt the intermolecular hydrogen bonding between hydroxyl groups in 

cellulose12, whereas some cholinium alkanoates can catalyze selectively the 

hydrolysis of intermolecular acylglycerol esters13–15. The latter ionic liquid was 

used by us to extract suberin from cork (Quercus suber), a plant polyester 

sharing chemical similarities with cutin, by catalyzing a selective and mild 

hydrolysis of acylglycerol esters yet preserving most extant linear aliphatic 

esters15,16. 

 Our aim was to establish a novel cutin extraction method that allows 

the study of near-native cutin architecture and properties and is applicable to 

a wide range of plant species and tissues. To meet these criteria, the method 

should be rapid and easy to process, and should greatly preserve the 

chemical structure of cutin. To this end, we first established an ionic liquid 

approach for the extraction of cutin, with the solubilization of cutin from tomato 

(Solanum lycopersicum) peels as a proof of concept. We demonstrated that 

the cholinium hexanoate process renders a material that is enriched in cutin, 

as shown by scanning electronic microscopy (SEM), 13C magic angle spinning 

NMR (13C MAS NMR), and differential scanning calorimetry (DSC) analyses 

of cutin structure. These analyses were complemented by gas 

chromatography-mass spectrometry (GC-MS) analyses of the hydrolyzable 

constituents. In addition, we established the molecular structure of cutins in 

solution (solubilized with the aid of cryogenic milling) through high-resolution 

one- and two-dimensional (2D) solution state NMR analyses. Extension of our 

approach from a processing tomato cultivar to the miniature cv Micro-Tom, 

including two cutin biosynthesis and polymerization mutants, highlighted the 

consistency of our findings with published results but also revealed unknown 
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features of cutin. We therefore believe that our methodological approach will 

support discovery in the field of cutin biogenesis and biosynthesis. 

 

Results 

 

A Highly Esterified Cutin Was Purified Using Ionic Liquids That Mostly Mediate 

the Dissolution of Subcuticular Polysaccharides 

 

Seeking to establish a method to extract cutin from tomato peels, we 

resorted to cholinium hexanoate and 1-butyl-3-methyl-imidazolium (BMIM) 

acetate. Cholinium hexanoate was chosen because of its ability to mediate 

the extraction of suberin from cork through mild and selective hydrolysis of 

acylglycerol ester bonds15, and BMIM acetate was chosen for its proven ability 

to mediate the dissolution of cellulose12. First, we tested whether either ionic 

liquid (100 °C without stirring) hydrolyzes glyceryl trioctanoate and octyl 

octanoate, which contain an acylglycerol ester bond and a linear aliphatic 

ester bond, respectively. Glyceryl trioctanoate was hydrolyzed in the presence 

of both ionic liquids, yet the efficiency of the reaction was higher when 

cholinium hexanoate was used (Figure 1). Cholinium hexanoate did not 

catalyze the cleavage of octyl octanoate (Figure 1A), whereas BMIM acetate 

did catalyze this reaction albeit inefficiently (Figure 1B). As previously 

reported, cholinium hexanoate catalyzes specifically the hydrolysis of 

acylglycerol esters15, although in this study the absence of agitation and the 

higher water content of the ionic liquid reduced the reaction efficiency. 
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Figure 1. Quantitative analysis of the ionic liquid-mediated hydrolysis of ester bonds 

in model compounds. Compounds detected after the reaction of glyceryl trioctanoate 

and octyl octanoate with either cholinium hexanoate (A) or BMIM acetate (B) for 2, 6, 

and 24 h (the observed average SE values were negligible at < 4 %). All compounds 

were identified and quantified by GC-MS. At time zero, glyceryl trioctanoate and octyl 

octanoate were assumed to represent the only compounds present in the mixture. 

 

We then tested the potential of these ionic liquids to isolate cutin from 

tomato peels after 2, 15, and 170 h compared to a conventional method  

(i.e. enzymatic removal of polysaccharides followed by organic solvent-

mediated dewaxing). In the process of suberin extraction from cork using 

cholinium hexanoate, suberin in the filtrate is recovered by precipitation in an 

excess of water14. We preliminarily tested a 2-h reaction of tomato peel cutin 

in cholinium hexanoate and used attenuated total reflection-Fourier transform 

infrared spectroscopy (ATR-FTIR) to verify that the archetypal bands assigned 

to cutin, i.e. long-chain aliphatics (CH2 and C=O), were detected in the 

insoluble fraction (not in the filtrate as observed for cork suberin) whereas the 

filtrate shows enrichment in bands usually assigned to polysaccharides  

(C-O-C; Figure S1). Accordingly, the insoluble fractions produced were 

characterized using SEM (Figure 2) and 13C MAS NMR (Figure 3A). SEM 

imaging of the cutins extracted with either ionic liquid are virtually identical: a 

clean thick cutin-continuum showing the epidermal cell grooves  

(Figure 2, A–F). In the reference cutin, i.e. obtained through the conventional 

enzymatic-based process, the cutin continuum apparently overlaps with other 
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cellular components, and many intracellular spaces are not hollow  

(Figure 2G). 

 

Figure 2. SEM analysis of cutin-enriched materials upon extraction. A, A 

representative cutin reference sample (i.e. obtained through the conventional 

enzymatic-based process) depicts many intracellular spaces that are not hollow. B to 

G, Imaging of cutin-enriched materials was obtained after treatment with cholinium 

hexanoate (B–D) or BMIM acetate (E–G) for 2, 15, and 170 h. All samples show a 

clean thick cutin continuum comprising the epidermal cell grooves. 

 

In the 13C MAS NMR spectrum of the reference cutin, the major 

structural classes assigned to cutin include the long methylene chains, (CH2)n, 

with major peaks at 26, 29, and 34 ppm; the oxygenated aliphatics,  

CH2O (63 ppm) and CHO (73 ppm); and the carboxyl groups at 172 ppm, 

comprising the contribution of both esters and acids (Figure 3A)10. Only minor 

signals can be assigned to the aromatic region (105 and 130 ppm). The 
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spectral signatures of the remaining cutins are very similar, regardless of the 

ionic liquid used and the extraction time, and are also similar to the reference 

cutin spectrum (Figure 3; Table 1).  

 

Figure 3. 13C MAS NMR spectra obtained for the cutin-enriched materials upon 

extraction. Spectra of the reference cutin sample and cutin-enriched materials derived 

from reactions with cholinium hexanoate or BMIM acetate for 2, 15, and  

170 h (A) and the corresponding calculated reticulation (B and C) and esterification 

(D) ratios. The regions assigned to the long methylene chains, oxygenated aliphatics, 

aromatics, and carboxyl groups are marked. The imidazolium-based cation 

contributes to the signal assigned to the CH3 groups at 15 ppm (**), whereas the 

cholinium cation is seen in the signal at 54 ppm (*); both contaminants can be washed 

out. 
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The relative contributions of the signals assigned to aromatics for the 

cutins purified with either ionic liquid increased along the reaction time, 

possibly an artifact derived from phase corrections. The relative contributions 

of the oxygenated aliphatic region (57–92 ppm) are higher in ionic  

liquid-extracted cutins compared to the reference cutin (Figure 3A). This 

region might also comprise resonances derived from polysaccharides10. Most 

subcuticular polysaccharides can be removed from cutin using acidic 

hydrolysis mediated by trifluoroacetic acid (TFA)17, although cellulose might 

not be totally removed18. In this study, the NMR spectra of cutins obtained 

using cholinium hexanoate (2-h reaction) before and after the acidic hydrolysis 

treatment are virtually identical (Table 1; Figure S2). The few observed 

alterations can be explained by the hydrolysis of esters during the acidic 

treatment17. Based on these results, the oxygenated aliphatics region can be 

mostly assigned to cutin. Consequently, the biopolymer reticulation level can 

be reasonably estimated through the ratio of the signal’s integral in the CHO 

region of the oxygenated aliphatics (67–92 ppm) to that of the entire aliphatic 

region (8–50 ppm) or that of the CH2O region (57–67 ppm)10,19. Based on the 

calculated reticulation ratios, cholinium hexanoate usage apparently rendered 

a biopolymer displaying higher reticulation compared to that attained with 

either BMIM acetate or the conventional approach (Figure 3, B and C). At this 

stage, one cannot exclude that the presence of cellulose embedded in the 
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biopolymer might increase the estimated reticulation levels. A similar trend 

was observed when estimating biopolymer esterification levels (Figure 3D), 

which can be inferred through the ratio of the integral of the total oxygenated 

aliphatic region (CHO and CH2O) with that of the entire aliphatic region  

(8–50 ppm)19. Esterification of the cholinium cation with cutin’s free acids was 

reported previously to be mechanistically very unlikely15. 

In order to further elucidate whether the ionic liquid-based extractions 

can indeed render a material enriched in cutin, we resorted to DSC  

(Figure 4A) and wide-angle x-ray scattering (WAXS; Figure 4B) measurement 

of the cutins extracted with the ionic liquids (2- and 170-h reactions) together 

with the reference cutin. The DSC thermograms are depicted in figure 4A. The 

cutins extracted using either ionic liquid for 2 h show higher enthalpy energies 

for melting the biopolymer and lower melting temperatures (ΔH = 129.6 J g-1 

and Tm= 100.5 °C versus ΔH = 97.5 J g-1 and Tm = 100.6 °C, for cholinium 

hexanoate and BMIM acetate, respectively) compared to the reference cutin 

(ΔH = 70.5 J g-1 and Tm = 114.5 °C). All thermograms show a relatively broad 

melting curve (Figure 4A), which is typical for heterogeneous and amorphous 

materials20, and similar glass transition temperatures (~ -20 °C). The peaks 

for the cutins that originated from the 2-h ionic liquid reactions are less broad 

compared to the reference cutin, suggestive of increased homogeneity. This 

feature was lost when extensive reaction times were used, consistent with the 

estimated reduction in biopolymer reticulation and esterification  

(Figure 3, B–D). The WAXS patterns of all cutin samples (Figure 4B) are 

mainly represented by a broad diffuse peak with maximum intensity at around 

q = 1.41 Å-1, which most likely corresponds to an amorphous structure 

commonly formed by organic polymeric materials with an interchain distance 

of ~ 4.5 Å. 
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Figure 4. Analysis of the crystallinity properties of the cutin-enriched materials upon 

extraction. DSC thermograms (A) and WAXS patterns (B) collected for a reference 

enzymatically extracted cutin material (black curve) and cutin materials extracted from 

tomato peels using ionic liquids for various durations of treatment: cholinium 

hexanoate for 2 and 170 h (purple and blue curves, respectively) and imidazolium 

acetate for 2 and 170 h (gray and cyan curves, respectively). The vertical straight lines 

in WAXS patterns indicate the positions of diffraction peaks of cellulose (dotted lines) 

and crystallized n-alkane chains (dashed lines). Miller indexes assigned to the lines 

correspond to cellulose Ib (monoclinic space group P1211) and n-alkane chain packing 

(orthorhombic space group Pnma). 

 

Considering the composition of cutin, this amorphous structure should 

be related to randomly packed acyl chains. In contrast to the reference cutin, 

the scattering patterns of cutins extracted by either ionic liquid show diffraction 

peaks indicating the presence of a crystalline component. The first diffraction 

peak at q = 1.52 Å-1 and the second at q = 1.69 Å-1, noticeable for cutin 

extracted by cholinium hexanoate for 170 h (Figure 4A, blue curve), can be 

-50 0 50 100 150

H
e
a
t 

F
lo

w
 /

 W
.g

-1

Temperature / °C

0.1 W/g exo

1.5 2.0 2.5 3.0 3.5

A
rb

it
ra

ry
 U

n
it
s

q /  Å
-1

2
0

0
 C

el
lu

lo
se

 I
b

1
1

0
 n

-a
lk

an
e

2
0

0
 n

-a
lk

an
e

0
0

4
 C

el
lu

lo
se

 I
b

0
2

0
 n

-a
lk

an
e

0
3

1
 C

el
lu

lo
se

 I
b

0
2

3
 C

el
lu

lo
se

 I
b

BA

-50 0 50 100 150

H
e

a
t 

F
lo

w
 /

 W
.g

-1

Temperature / °C

 Reference

 Cholinium Hexanoate, 2h

 Cholinium Hexanoate, 170h

 Imidazolium Acetate, 2h

 Imidazolium Acetate, 170h

0.1 W/g exo



Chapter II 

60 

assigned to an orthorhombic crystal structure (space group Pnma; Miller 

indexes 110 and 200, respectively) commonly formed by compounds 

comprised of alkane-like chains such as triacylglycerols (b’ phase)21 or 

polyethylene22,23. This suggests that the extraction of cutin by the ionic liquids 

enriches this material with a crystalline component where some acyl chains 

tend to form crystals. A low level of branching of acyl chains in cutin may be 

favorable for the formation of an orthorhombic unit cell, which is 

thermodynamically more stable than the rotator phase formed by distorted 

alkane chains packed in a hexagonal array24. This observation is consistent 

with the DSC measurements (Figure 4A) indicating that the cutin extracted by 

cholinium hexanoate for 170 h, containing the highest fraction of the acyl 

crystalline component, has the highest peak melting point. The third diffraction 

peak, at q = 2.46 Å-1, observed for cutin extracted by cholinium hexanoate 

(Figure 4B, purple and blue curves), cannot be related to the acyl chain 

crystalline structure. Its position is significantly shifted from a possible 020 

peak at q = 2.55 Å-1 generated by the orthorhombic structure (Figure 4B). The 

third peak is likely to be associated with a crystalline cellulose and can be 

assigned to 004 reflection of monoclinic cellulose Ib (space group P1211)25. It 

must be noted that the most intense 200 diffraction peak of the cellulose Ib 

expected at q = 1.63 Å-1 is not visible because of an overlap with the intense 

broad peak corresponding to the amorphous structure. Crystalline cellulose 

usually coexists with amorphous cellulose25. However, it would be difficult, if 

possible at all, to identify the amorphous cellulose component, with its 

expected peak maximum intensity at q = 1.52 Å-1, from the broad diffuse peak 

observed by WAXS. Neither enzymatically extracted cutin (reference cutin) 

nor cutin extracted by BMIM acetate reveal the presence of crystalline 

cellulose in their scattering patterns (Figure 4B, black, cyan, and gray curves), 

indicating that both extraction methods led to its successful removal. This 

observation, together with the higher relative contribution of the oxygenated 

aliphatics region for cutin extracted with BMIM acetate compared with the 
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reference cutin (Table 1), suggests that some oxygenated aliphatics are lost 

during the enzymatic treatment. 

 Finally, the relative abundances of hydrolyzable cutin constituents 

were determined by GC-MS to disclose how ionic liquid extraction methods 

influence the composition of the biopolymer compared to the reference 

method (Table 2; Figure S3; Table S1). The reference cutin comprises  

~ 13 % of nonhydrolyzable constituents, whereas cutin constituents attained 

using an ionic liquid display substantially higher recalcitrance (~ 20% to 30%), 

consistent with their estimated higher reticulation (Figure 3, B and C). In 

general, the monomeric compositions of the ionic liquid-extracted cutins are 

similar to that of the cutin reference (and also to the starting material; Table 

2). Both the abundance and the diversity of fatty acids decreased as the 

reaction time in the ionic liquid increased (Table 2). This was more 

pronounced when BMIM acetate was used for 170 h, which rendered a cutin 

almost devoid of fatty acids and also containing nearly 2-fold less dicarboxylic 

acids. The fatty acids carry a methyl end-group that is esterified to the 

biopolymer through a single bond. 
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A Snapshot of the Molecular Structure of Cutin Purified by Cholinium 

Hexanoate Reveals Extant Free Hydroxyls and Free Acids 

  

Our data made evident the potential of using short time reactions with 

either ionic liquid to recover from tomato peels a cutin continuum displaying 

esterification/reticulation levels and composition near that found in planta. In 

addition, cholinium hexanoate presents several advantages compared to 

BMIM acetate. It cleaves fewer ester bonds, rendering a more esterified 

biopolymer (Figure 3D), and unlike BMIM acetate, it is also biocompatible and 

biodegradable26.  

Recently, we used solution-state NMR to resolve the molecular 

structure of in situ suberin upon its solubilization in heated dimethylsulfoxide 

(DMSO) directly from cork after 4 h of cryogenic milling16. This inspired us to 

apply cryogenic milling for the solubilization of a cutin extracted with cholinium 

hexanoate after 2 h. Solving cutin’s molecular structure would allow us to look 

“inside” its backbone, specifically at its esterification arrangement. The  

GC-MS analyses disclosed only the component hydrolyzable constituents 

(Table 2) and the solid-state analyses — 13C MAS NMR, DSC, and WAXS 

(Figures 3 and 4) — revealed only the bulky chemical functionalities and 

properties of the purified cutin materials. Only after 10 h of cryogenic milling 

was the cutin solubilized in DMSO, reflecting cutin’s much lower solubility 

compared to suberin. We analyzed the impact of the cryogenic milling 

process, especially the occurrence of oxidation reactions inside the grinding 

jar due to possible condensation of oxygen at low temperatures. Elemental 

analysis of cutin before and after the cryogenic milling process revealed that 

the relative percentages of the tested elements, including oxygen (Table S2), 

were unaltered after the treatment. Therefore, despite the solubility drawback, 

a solution-state 1H NMR could be acquired with good resolution, showing the 

presence of many overlapping signals (Figure 5A), an archetypal feature 

observed in other complex multifunctional polymers27.  
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Figure 5. Wide-ranging NMR spectral characterization of cutin materials isolated with 

cholinium hexanoate (2 h). Shown are 1H NMR spectra with inserts focusing on the 

aliphatic and oxygenated aliphatic regions (A) and the full HSQC spectrum (B) as well 

as regions corresponding to aliphatics (C) and CH/CH2-X aliphatics (D) of the purified 

cutin. Some assignments (unlabeled) are uncertain or unidentified. 

 

The relative abundances of aliphatics, CH/CH2-X oxygenated 

aliphatics, and aromatics were estimated through integration of the  

1H spectrum as 70 %, 27 %, and 3 %, respectively. The assignment of  

1H chemical shifts for the constituent monomers was then achieved through a 

combination of 1H-1H correlation spectroscopy (COSY) and  

1H-13C correlations, namely heteronuclear single-quantum correlation 

spectroscopy (HSQC) and heteronuclear multiple-bond correlation 

spectroscopy (HMBC; Figures S4–S6; Table S3). Previous NMR-based data 

for tomato cutin were attained through solution-state NMR analyses of 

oligomeric structures obtained by methanolysis of tomato peels6 and high-
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resolution MAS NMR analyses of tomato cutin swollen in DMSO8. These 

studies provided important baseline information for the assignment of the 

spectrum of cutin extracted with cholinium hexanoate for 2 h (Table S3). 

 The full range of the HSQC spectrum of cutin is depicted in Figure 5B, 

which highlights the regions corresponding to aliphatics and CH/CH2-X 

aliphatics as well as aromatics. A detailed analysis of the HSQC spectrum of 

the two aliphatic regions with the assignment of CH2 and CH3 groups from the 

aliphatic chains, the ester bonds, and the free midchain hydroxyl groups is 

shown in Figure 5, C and D. Only secondary free hydroxyl groups were visible 

in the HSQC spectrum (CHOH midchain), consistent with their presence in 

cutin as suggested previously28. This observation is in agreement with the 

demonstration that cholinium hexanoate does not cleave primary ester bonds 

(Figure 1). Here, we assigned the β-(C=O) esters to a 1H shift of 1.49 ppm and 

a 13C shift of 24 ppm, but we could not detect the signal of β-(C=O) acids, 

even though they have been assigned before in tomato cutin using high-

resolution MAS NMR8. Deshmukh et al. (2003) assigned the signals of 

aliphatic esters, primary and secondary alcohols, free acids, and α-branched 

carboxylic acids, yet the last two assignments could not be confirmed by 

HMBC. In this study, the signals of the β-(C=O) acids may overlap with that of 

the esters, and differentiating these signals from the small chemical shift 

differences observed in the acquired HSQC data is virtually impossible. The 

α-(C=O) signal displays two 1H signals with a 13C shift of 33 ppm, namely at 

2.25 and 2.19 ppm, which can be assigned to esters and acids, respectively. 

The α-(C=O) signal with a 1H shift of 2.17 ppm was previously assigned to 

xylan esters29. Based on the detection of vestigial amounts of microcrystalline 

cellulose in the cutin extracted with cholinium hexanoate for 2 h (Figure 4B), 

this signal may be associated with the presence of cellulose esters. Analysis 

of the cutin extracted with BMIM acetate (also cryogenically milled), which is 

apparently devoid of microcrystalline cellulose (Figure 4B), showed that the  

α-(C=O) signal displays a 13C shift of 33 ppm and only a 1H shift of 2.26 ppm 

(Figure S7). Finally, to precisely assign the free acids in the cutin extracted 
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with cholinium hexanoate for 2 h, we acquired the HMBC spectrum that 

confirmed their signal at a 13C shift of 35 ppm and a 1H shift of 2.02 ppm 

(Figure S6), consistent with the previously observed assignment in cork 

suberin, where the signal of the acids is at a 13C shift of 36 ppm and a 1H shift 

of 2.03 ppm and that of the esters displays a 13C shift of 34 ppm and a  

1H broad shift from 2.33 to 2.27 ppm16.  

Based on the assignments defined above, we calculated the relative 

abundance of free acids, total esters (comprising primary and secondary 

aliphatic esters yet excluding sugar esters), and linear esters as 38 %, 52 %, 

and 10 %, respectively, through integration of the signals in the 1H NMR 

(Figure 5A). No acylglycerol bonds were detected in the HSQC analyses of 

cutin (Figure 5B), consistent with the very low abundance of glycerol in tomato 

cutin2. We hypothesize that the free acids detected in the cutin spectra might 

mostly account for their natural occurrence, though one cannot exclude, at 

this stage, that some aliphatic esters might have undergone cleavage in the 

presence of cholinium hexanoate. 

 

Ionic Liquid Extraction Followed by Solution NMR As a Tool to Scrutinize the 

Impact of Specific Mutations in the Molecular Structure of Cutin from cv Micro-

Tom Tomatoes 

 

Solving the molecular structure in solution of a near native cutin 

isolated from a processing tomato cultivar challenged us to test the suitability 

of the established cholinium hexanoate extraction for 2 h for purification and 

systematic characterization of cutins isolated from the tomato miniature 

‘Micro-Tom’, which is particularly well suited for laboratory studies30,31. To 

introduce known diversity in cutin composition and structure, we further used 

both the wild type and mutants of gpat6 and cus1, respectively28,32,33, which 

show phenotypes with altered cutin composition and altered degrees of 

intrachain branching. In particular, in the gpat6 mutant (formerly named the 

cutin deficient mutant, cud1)28, synthesis of the major cutin precursor is 
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hampered so that a thinner cuticle enriched in fatty acids is produced with 

overall decreased levels of cutin32. In contrast, in the cus1 tomato mutants, 

cutin polymerization is impaired34,35 and the esterification of secondary  

OH groups of the dihydroxy acids is significantly reduced28. To minimize any 

possible effect of environmental conditions on the expression of the fruit 

cuticle phenotype, the gpat6 and cus1 mutants were grown side by side with 

wild-type plants. The relative abundance of the hydrolyzable constituents in 

the cv Micro-Tom cutins purified with cholinium hexanoate is depicted in  

table 3. 

 

In general, the observed diversity/abundance of hydrolyzable 

constituents is similar to that previously reported28,32, though there are some 

variations, possibly due to disparities in tomato growth conditions in the 
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greenhouse (season, light, temperature, and hygrometry). In addition, the 

cutins that originated from the mutants show an increase in the relative 

abundance of nonhydrolyzable constituents compared to the wild type  

(~ 10 % increase), and their identification yields decreased nearly 20 % due 

to higher diversity of unidentified monomers (Table 3). Cutin from both 

mutants displays a higher relative abundance of fatty acids and dicarboxylic 

acids (nearly 10- and 2-fold, respectively) and lower relative abundance of  

ω-hydroxyacids (five to three times) compared to wild-type cutin. 

 To confirm that free acids naturally occur in cutin (hence differentiating 

these from free acid groups formed during the ionic liquid extraction), we 

compared the spectra of cutin from the wild-type cultivar obtained through the 

ionic liquid process followed by cryogenic milling with that of the cuticle 

solubilized solely via cryogenic milling (Figure 6; Figures S8–S12). 

 The obtained 1H NMR (Figure 6, A and B) and HSQC spectra (Figure 

6, C–F) are very similar, although the presence of noncutin constituents in the 

cuticle contributes to the appearance of many signals that have yet to be 

assigned, e.g. in the CH3 region (Figure 6D). Importantly, the signals 

previously assigned to free acids α-(C=O) acids are visible in both samples 

(Figure 6, C and D), as confirmed in the corresponding HMBC spectra (Figure 

S10). Accordingly, the free acids detected in the ionic liquid-purified cutins 

(Figs. 5, A–C, and 6, A and B) reflect their natural presence. The signal 

attributed to the terminal hydroxyls was only detected in the spectrum of the 

ionic liquid-extracted cv Micro-Tom cutin (Figure 6E). This observation 

suggests that the cholinium hexanoate treatment cleaved some primary esters 

in the cv Micro-Tom cutin, contrary to observations for cutin derived from the 

peels of processing tomatoes (Figure 5D). One possibility is that the cleavage 

of primary esters is greatly influenced by the native arrangement of the 

polymer. 
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Figure 6. Wide-ranging NMR spectral characterization of Micro-Tom cutin isolated 

with cholinium hexanoate (2 h) and Micro-Tom untreated cuticle. The 1H NMR spectra 

of cutin (A) and cuticle (B) samples, indicate the relative abundance (percent) of linear 

aliphatic esters (LAE-α), total esters [α(C=O) esters], and free acids [α(C=O) acids]; 

HSQC regions correspond to cutin (C) and cuticle (D) aliphatics and CH (E) and CH2-

X aliphatics (F). Some assignments (unlabeled) are uncertain or unidentified. 

 

 The impact of the mutations is seen by the relative abundances of 

aliphatics, CH/CH2-X oxygenated aliphatics, and aromatics in the 1H-spectra, 

which were estimated as 71 %, 29 %, and 0 % for the wild type (Figure 6A);  

46 %, 50 %, and 4 % for the gpat6 mutant (Figure 7A); and 39 %, 59 %, and  
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from the cus1 mutant purified by the ionic liquid followed by cryogenic milling 

with that of the cus1 cuticle solubilized solely via cryogenic milling  

(Figure S13). The obtained HSQC spectra confirmed the absence of free 

acids in this mutant, further validating that the observed absence of this 

chemical group in the cus1 and gpat6 cutins is a consequence of the 

mutations and not of the sample processing (Figures S8–S19). 

Based on the 1H-spectral information, we also estimated the relative 

abundance of aliphatic esters (total percent) and primary aliphatic esters in 

the cutin of the mutants (Figure 7). Accordingly, the ratio of total esters versus 

linear esters is comparable in the wild type and the gpat6 mutant but 

substantially lower in the cus1 mutant. In other words, compared to the wild 

type, the gpat6 mutant shows similar amounts of linear esters and secondary 

esters, in contrast to the cus1 mutant, which shows a > 2-fold increase in linear 

esters but also the lowest esterification level (i.e. amount of secondary esters; 

Figure 7, A and B). 

The magnification of the HSQC regions corresponding to aliphatics 

and CH/CH2-X aliphatics for the cutins of the mutants is also shown  

(Figure 7, C–F; Figure S20). For both mutants, the signals assigned to 

terminal hydroxyls are visible (Figure 7, E and F), similar to that observed in 

the wild-type cutin (Figure 6E). The detected CH3 groups are apparently 

enriched in both mutants compared to the wild type, consistent with the 

observed increase in relative abundance of hydrolyzable fatty acids for the 

mutants (Table 3) and with observations reported previously28,32. No 

acylglycerol was visible in the HSQC spectra of the cutin from the mutants, 

possibly because their abundance is below the detection limits of the 

analytical technique. The mutants show more non-assigned signals compared 

to wild-type cutin, consistent with the observed lower identification yields in 

the GC-MS data (Table 3). This might reflect also an altered diversity of 

cuticular polysaccharides in the mutants, a hypothesis that deserves further 

analysis in the near future and is sustained by recently published results for 

the cus1 mutant36. 
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Figure 7. Wide-ranging NMR spectral characterization of cv Micro-Tom cutins isolated 

with cholinium hexanoate (2 h) from the cus1 and gpat6 mutants. A and B, 1H NMR 

spectra of both samples (gpat6 [A] and cus1 [B]), showing the relative abundance 

(percent) of linear aliphatic esters (LAE-α), total esters [α(C=O) esters], and free acids 

[α(C=O) acids]. C to F, HSQC regions corresponding to aliphatics (C and D) and 

CH/CH2-X aliphatics (E and F). Some assignments (unlabeled) are uncertain or 

unidentified. The absence of the signal assigned to α(C=O) acids is marked by a 

dashed circle. For simplicity, the wide-ranging NMR spectrum of the untreated cuticle 

from the cus1 mutant is not shown (see Figure S13 for details). 
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Discussion 

 Considerable advances have been made in recent years on cuticle 

formation and properties37. However, while the successive steps of cutin 

biosynthesis, transport of precursors, and polymerization in the epidermal cell 

walls begin to be well untangled2, the questions of the fine structure of the 

cutin layer and its association with polysaccharides are still largely 

unresolved36. An example of the intricate relationships between cutin, cell 

walls, and resistance to pathogens is provided by the tomato gpat6 mutant 

analyzed herein, in which the mutation has a profound impact not only on cutin 

synthesis32 but also on cell walls36 and resistance to filamentous pathogens38. 

Insights into the structure and composition of native gpat6 cutin would help 

considerably in deciphering the underlying mechanisms. More generally, the 

simple and rapid cutin extraction method described here, which preserves 

cutin in a near native state, will help our understanding of the role of cuticle in 

plant evolution and diversity35,39, plant development40, mechanical properties 

of the organ surface4,41, resistance to pathogens42, and fruit quality33. 

 

Advantages of Ionic Liquid Extraction with Respect to Conventional Cutin 

Extraction Methods 

 

 Our ionic liquid cutin extraction method performed on tomato peels, 

similar to the enzyme treatment method5, demonstrates that subcuticular 

polysaccharides (which were found in the filtrate) are removed, but does so in 

a considerably shorter time (i.e. 2 h instead of days, and even weeks). Also, 

the ionic liquid extraction does not require any specific dewaxing step. When 

extracted with either ionic liquid, a cutin continuum is isolated, strengthening 

the suggestion that the ionic liquid does not substantially impact the cutin 

polyester. This contrasts with our previously reported results for suberin 

extraction from cork using cholinium hexanoate, where nanoparticles of the 

biopolymer are isolated16 because the ionic liquid catalyzes the mild cleavage 

of acylglycerol ester bonds15, which are not representative in tomato cutin. 
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Cholinium Hexanoate Extraction Preserves Features of Cuticular 

Polysaccharides 

 

In this study, purification of the cutin continuum by ionic liquids is 

essentially due to the dissolution of the subcuticular polysaccharides and, to 

a minor extent, ester cleavage. Under the conditions of the extraction used 

here, both ionic liquids cleaved ester bonds very inefficiently; however, 

cholinium hexanoate apparently cleaves only the acylglycerol bonds, whereas 

BMIM acetate can also cleave linear ester bonds. Hence, the cholinium 

hexanoate presents the advantages of biocompatibility and milder cleavage 

of the polymer backbone. The most remarkable difference between the two is 

that only the cholinium hexanoate could preserve features of cuticular 

polysaccharides, which were specifically associated with the presence of 

microcrystalline cellulose. Cellulose with high levels of crystallinity was 

recently identified within the group of cutin-embedded polysaccharides36, 

consistent with the ability of the ionic liquid process to speedily recover cutin 

with a near-native structure. This opens unexpected possibilities for exploiting 

both ionic liquids, alone or in combination, to study the association and 

function of cuticular polysaccharides. 

 

Cholinium Hexanoate Extraction Confirms the Presence of Free Hydroxyls in 

Native Cutin and Highlights Differences in Free Fatty Acid Composition 

between the Wild Type and Mutants 

 

 Finally, the solution NMR spectra of cutins purified by cholinium 

hexanoate and the matching cuticles (both of which were solubilized in 

DMSO-d6 with the aid of cryogenic milling) strengthened the observation that 

some free hydroxyls exist in situ, consistent with previous reports28,32. Results 

from a systematic NMR analysis of cutins purified by cholinium hexanoate, 

from both wild type and mutants of the same cultivar (cv Micro-Tom), show 

increased diversity of fatty acids in both mutants, yet only the cus1 mutant 
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shows a substantially reduced esterification degree. These results are 

consistent with the functions of the enzymes inactivated in the mutants: CUS1 

is a polymerizing enzyme34,35, while GPAT6 catalyzes the synthesis of cutin 

precursors32. Remarkably, these results are also consistent with already 

published information on the mutants, obtained through a totally independent 

approach28. In situ analysis of cutin esterification levels by benzyl etherification 

of enzyme-treated cutin from tomato fruit peel showed that all/midchain 

hydroxylation of dihydroxy acids is increased strongly in the cus1 mutant 

(linear polymers) but remains unaffected in the gpat6 mutant, as in the wild 

type (normal inter-branching). 

 Remarkably, the NMR results of the ionic liquid extracted cutins 

strongly suggest that naturally occurring free acids exist in the wild-type 

tomatoes (detected also in the cuticle) but are lacking in the mutants (and in 

their cuticles, as observed for the cus1 cuticle). This might be due to the 

thinner mutant cuticles, where total esterification of the cutin monomers could 

be more easily achieved. This deserves a detailed analysis in the near future, 

especially as (1) we could not yet detect the signal assigned to β(C=O) acid, 

only that of the α(C=O) acids that was assigned through the HMBC spectrum; 

and (2) the signal assigned to the α(C=O) esters partially overlaps with that of 

the α(C=O) sugars in the analyzed tomato cutins. 
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Conclusions 

 The proof of concept of the efficiency and reliability of the ionic liquid 

cutin extraction method described here was established using tomato peel as 

a model. Because of its simplicity, this method should be broadly applicable 

to other tissues and to other plant model and crop species, as confirmed by 

preliminary experiments. In the near future quantitative methods (and better 

spectral resolution for solving yet unknown signals) will require development 

to understand better how cutin molecular structure (and its association with 

cuticular polysaccharides) is impacted by mutations or along the development 

of the plant. In addition, our study emphasizes the suitability of exploiting ionic 

liquid extraction as an easy and scalable approach for exploiting plant lipid 

polymers as a bioresource for a range of applications. The ionic liquid 

processes tested here can be systematically tuned (e.g. time, temperature, 

and component ions) to ensure recovery of cutin with different degrees of 

structural preservation. Finally, the solution NMR methodologies developed 

here constitute essential tools to fingerprint the multifunctionality and structure 

of cutin in planta. Based on all the analyses done on the polymer morphology, 

thermal properties, and chemistry, we are confident that short-time reactions 

with cholinium hexanoate can ensure the isolation of cutin with minimal 

disruption of its polymeric network, yielding the biopolymer in a near-native 

configuration. 
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Materials and Methods 

 

Plant Materials. Peels from the processing tomato (Solanum lycopersicum 

‘Roma’) were manually removed, thoroughly washed, and then dried to a 

constant weight at 60 °C. After drying, the peels were milled using a Retsch 

ZM200 electric grinder (granulometry 0.5 mm; 10,000 rpm) and stored at room 

temperature for further processing. ‘Micro-Tom’ tomatoes from both wild-type 

plants and mutant plants generated by ethyl methanesulfonate mutagenesis30 

were cultivated as previously reported43 and processed as described above. 

All tomato fruits used were in the red ripe developmental stage. 

 

Chemicals. BMIM acetate (> 98%) was purchased from IoLiTec. Sodium 

hydroxide (> 98%) was from José Manuel Gomes dos Santos. Methanol  

(≥ 99.8%), DMSO (> 99.99%), hexane (> 95%), chloroform (> 99.98%), and 

dichloromethane (> 99.99%) were from Fisher Chemical. Cholinium hydrogen 

carbonate (~ 80% in water), hexanoic acid (> 99.5%), sodium azide (≥ 99.5%), 

sodium acetate (≥ 99%), cellulase (Aspergillus niger), and pectinase 

(Aspergillus aculeatus) were from Sigma Aldrich. Cholinium hexanoate was 

synthesized by dropwise addition of hexanoic acid to aqueous cholinium 

hydrogen carbonate in equimolar quantities, as previously described26. 

 

Ionic Liquid Hydrolysis of Standard Fatty Acids. Glyceryl trioctanoate and 

octyl octanoate (~ 50 mg) were mixed with either ionic liquid (1:10) at 100 °C, 

without stirring, for 2, 6, or 24 h. At the end of the reaction, the mixture was 

rapidly cooled to room temperature in ice, acidified to pH 3/3.5 with 1 M HCl 

solution, spiked with a known concentration of heptadecanoic acid (internal 

standard), and extracted three times using dichloromethane/water partition. 

The dried combined organic phases were derivatized with  

N,O-bis(trimethylsilyl)trifluorocetamide in pyridine (5:1) for 30 min at 90 °C. 

The TMS derivatives in the organic fractions were then analyzed by GC-MS 

as previously described15, with minor modifications (ramp temperature 60 °C; 



Chapter II 

77 

4 °C/min to 280 °C for 15 min, with source at 230 °C and electron impact 

ionization of 70 eV; see equipment in the “GC-MS Data” section). Triplicate 

independent reactions were performed. 

 

Cutin Extractions 

Enzymatic Process. Cutin was isolated from tomato as previously 

described5. In brief, tomato peels were immersed in an enzymatic cocktail 

containing 4 mL pectinase, 0.2 g cellulase, 13 mg NaN3, and 196 mL of  

50 mM sodium acetate buffer and incubated at 31 °C for 24 h with constant 

shaking. The isolated cuticles were successively dewaxed for 36 h by Soxhlet 

extraction with methanol, chloroform, and hexane (1:1:1), finally freeze dried, 

and stored at room temperature. This cutin enriched material was used as a 

reference material for the optimization phase of this study, i.e. selection of a 

suitable ionic liquid process. 

 

Ionic Liquid Process. Cutin was extracted from tomato peels as previously 

described for suberin from cork15, with slight modifications. In brief, 2 g of 

tomato peel powder were mixed in 20 g cholinium hexanoate or BMIM acetate 

and incubated for a defined period of time at 100 °C, without stirring. The 

reaction was stopped by the addition of 160 mL DMSO. The polymer was 

recovered by filtration using a nylon membrane filter (0.45 mm); then washed 

with an excess of deionized water with the aid of centrifugation (Eppendorf 

5804 R centrifuge, 5,000 rpm at 4 °C for 30 min). 

 

Treatment of Cutin Extracted Using Cholinium Hexanoate (2 h) with TFA. 

Six hundred milligrams of the cutin-enriched material obtained through 

extraction with cholinium hexanoate for 2 h was treated with 1 M of aqueous 

TFA solution for 60 min at 110 °C. The reaction mixture was filtered, and the 

insoluble material was washed with stirring using chloroform-methanol  

(1:1 [v/v]) for 2 h. The organic-insoluble material was separated by filtration, 

freeze-dried, and analyzed by 13C MAS NMR. 
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Microscopic Analyses. Cutin samples were placed on an aluminum sample 

holder with double sided carbon tape and subsequently covered with a thin 

Au/Pd film on a Q150T ES Quorum Technologies sputter coater. SEM 

micrographs were acquired on a JEOL FEG-SEM model JSM-7001F. 

 

Cryogenic Grinding Process. A RESTCH Cryomill equipped with a 25 mL 

grinding jar with six zirconium oxide grinding balls (10mm) was used. To 

optimize the solubilization level of the cutin-enriched materials needed to 

attain high NMR spectral resolution, cutin samples were cryogenically milled 

at -196 °C (liquid nitrogen) as follows: 3 min of precooling followed by 9 milling 

cycles, each comprising 3 min of milling at 30 Hz plus 0.5 min of intermediate 

cooling at 5 Hz. The ensuing samples were analyzed by 1H NMR  

(3 mg dissolved in 400 mL of DMSO-d6) and the 200 milling cycles were 

selected to systematically process cutin samples before 2D NMR analysis. 

 

NMR Analysis. 13C MAS NMR spectra were acquired on the cutin-enriched 

materials (± 250 mg), which were packed into 7 mm o.d. zirconia rotors (after 

grinding if needed), equipped with Kel-F caps. 13C MAS with high-power 

continuous wave decoupling spectra were obtained at 75.49 MHz, on a 

Tecmag Redstone/Bruker 300 WB, with spinning rates of 3.1 to 3.3 kHz. In 

these experiments, 90° radio frequency pulses of ~ 4.5 ms and relaxation 

delays of 3 s were used. 13C chemical shifts were referenced with respect to 

external Gly (13CO observed at 176.03 ppm).  

Solution-state NMR spectra of the cutin samples solubilized with the 

aid of cryogenic milling (see the "Cryogenic Grinding Process" section) were 

recorded using an Avance II + 800 MHz spectrometer (Bruker Biospin), with 

the exception of 1H-13C HMBC spectra, which were acquired using an Avance 

III 800 CRYO (Bruker Biospin). All NMR spectra (1H, 1H-1H COSY, and 

 1H-13C HSQC) were acquired using 5-mm-diameter NMR tubes at 60 °C with 

3 mg of cryomilled cutin in 400 mL DMSO-d6. 
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MestReNova version 11.04-18998 (Mestrelab Research) was used to 

process the raw data acquired in the Bruker spectrometers. 

 

DSC Data. Calorimetric analyses of the cutin-enriched materials were carried 

out in a TA Instruments Q200 calorimeter connected to a cooling system and 

calibrated with different standards (indium and empty cap). Sample weights 

ranged from 9 to 11 mg. A temperature interval from 280 °C to 220 °C was 

studied and the heating/cooling rate was 10 °C min-1. 

 

WAXS Data. WAXS data of the cutin-enriched materials were collected using 

a laboratory SAXS/WAXS beamline (Xeuss 2.0, Xenocs) equipped with a 

liquid gallium MetalJet x-ray source (Excillum; wavelength λ = 1.34 Å),  

FOX 3D Ga single reflection x-ray mirror and two sets of motorized scatterless 

slits for beam collimation, and a Pilatus 100k 2D pixel WAXS detector 

(Dectris). Loose cutin powder samples were enclosed between two flat kapton 

films and mounted on the beamline sample stage (the total sample thickness 

is ~ 1 mm). 2D WAXS patterns were recorded in a transmission mode over a 

q range of 1.3 Å-1 to 3.5 Å-1 [where q = (4πsinθ)/λ = 2π/d is the length of the 

scattering vector, θ is one-half of the scattering angle, and d is the spacing in 

real space] using an exposure time of 1,200 s. The WAXS data were reduced 

(calibrated, integrated, and background-subtracted) using the Foxtrot 

software package supplied with the instrument. 

 

GC-MS Data. A gas chromatograph (7820A, Agilent) equipped with a mass 

spectrometer (5977B, Agilent; quadrupole) was used. First, to release the 

hydrolyzable constituents, the cutin-enriched materials were treated with a 

solution of 0.5 M NaOH in methanol:water (1:1 [v/v]) at 95 °C for 4 h, cooled 

to room temperature, and acidified to pH 3/3.5 with 1 M HCl, then extracted 

by dichloromethane/ water partition (5x). The nonhydrolyzable fraction was 

recovered by filtration (0.2-mm nylon filters), washed, freeze-dried, and 

weighted (recalcitrance). The dried combined organic extracts were 
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sequentially derivatized (30 min at 90 °C): first, 2.0 M 

(trimethylsilyl)diazomethane in hexane, mixed in a methanol:toluene 2.5:1 

solution (3:2); and second, N,O-bis(trimethylsilyl)trifluoroacetamide containing 

1% (v/v) trimethylchlorosilane in pyridine (5:1). The derivatives were then 

analyzed by GC-MS (HP-5MS column) as follows: ramp temperature 80 °C, 

then 4 °C min-1 to 310 °C for 15 min. The MS scan mode, with source at 230 

°C and electron impact ionization (EI+, 70 eV) was used for all samples. The 

GC-MS was first calibrated with pure reference compounds (representative 

monomers: heptadecanoic acid, hexadecanedioic acid, and ferulic acid) 

relative to hexadecane (internal standard). Each sample was analyzed in 

triplicate. Data acquisition was accomplished by MSD ChemStation (Agilent 

Technologies); compounds were identified based on the equipment spectral 

library (Wiley-National Institute of Standards and Technology) and references 

relying on diagnostic ions distinctive of each derivative and its spectrum profile 

(Table S1). 

 

Accession Numbers 

Sequence data from this article can be found in the GenBank/EMBL 

data libraries under accession numbers Solyc11g006250 (CUS1) and 

Solyc09g014350 (GPATt6). 
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ANNEX 
 

This annex contains the Supplementary Material published along the main 

body of the research paper which composes Chapter II. This intends to allow 

better and easier understanding of the methodologies and analyses 

performed. 

 

 

Supplementary Data 

The following supplementary materials are available. 
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Supplementary Tables and Figures (by order of appearance in the manuscript) 

 

 

Figure S1 – Attenuated Total Reflectance – Fourier Transform Infrared (ATR-FTIR) of 

the soluble and insoluble fractions attained after the reaction of tomato peels with 

cholinium hexanoate (2 h, 100 °C) compared to a cutin reference isolated using the 

conventional enzymatic hydrolysis. 

 

Figure S2 – 13C MAS NMR spectrum of the cutin extracted with cholinium hexanoate 

followed or not by acidic hydrolysis with TFA. The signal previously assigned to the 

cholinium cation (54 ppm) was washed out.  
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Table S1 – Diagnostic ions used to identify the monomers extracted from tomato cutin and their retention times (Rt). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Derivatization Diagnostic Ions Rt Reference 

FATTY ACIDS       

hexadecanoic acid Methyl  ester 270, 239, 227, 143, 129, 87, 24 26.79 NIST 

octadecanoic acid Methyl  ester 298, 267, 255, 199, 143, 129,87,74 31.47 NIST 

octadec-9-enoic acid Methyl  ester 296, 264, 222, 180, 125, 111, 97, 74, 85 30.89 NIST 

octadeca-9,12-dienoic acid Methyl  ester 294, 263, 109, 95, 81, 67 30.71 NIST 

4-oxocyclohexane-1-carboxylic acid  Methyl  ester 166, 135, 107, 92, 77 11.90 NIST 

DIACIDS       

nonanedioic acid (a) di  Methyl  ester 185, 152, 111, 83, 74, 55 16.86 NIST 

hexadecanedioic acid di  Methyl  ester 
283, 241, 209, 191, 168, 154, 135, 125, 112, 98, 84, 

74, 69, 55 
34.24 (Järvinen et al., 2009) 

8/9-hydroxyhexadecanedioic acid (b) di  Methyl  ester TMS ether 387, 273, 259, 245,231, 155, 129, 109, 95, 73, 55 38.34 (Franich and Volkman, 1982)] 

HYDROXY ACIDS       

16-hydroxyhexadecanoic acid Methyl  ester TMS ether 343, 327, 311, 159, 146, 103, 89, 75, 73, 55 34.93 (Hauff et al., 2010) 

16-hydroxy-oxo-hexadecanoic acid Methyl  ester TMS ether 357, 341, 325, 214, 126, 111, 83, 75, 73, 55 37.60 (Deas et al., 1974; Kallio et al., 2006) 

9,10-epoxy-18-hydroxyoctadecanoic acid Methyl  ester TMS ether 

489, 473, 457, 385, 303, 274, 259, 201, 155, 129, 

121, 109, 103, 81, 75, 73, 55 
43.86 (Kallio et al., 2006) 

9,10-epoxy-18-hydroxyoctadecenoic acid Methyl  ester TMS ether 

471, 383, 303, 271, 259, 243, 213, 

191, 155, 129, 121, 109, 103, 89, 75, 73, 55 
43.31 (Kallio et al., 2006) 

POLYHYDROXYACIDS       

10,16-dihydroxyhexadecanoic acid (c) Methyl  ester TMS ether 

431, 415, 399, 317, 303, 289, 275, 273, 259, 245, 

159,146, 147, 129, 103, 95, 75, 73, 55 
38.86 

(Eglinton et al., 1968; Holloway and 

Deas, 1971; Kallio et al., 2006) 

10,16-dihydroxyhexadecanoic acid (c) TMS ester, TMS ether 

489, 399, 383, 331, 317, 303, 289, 

275, 217 and 204, 147, 129, 103, 95, 75, 73, 55 
40.80 

(Eglinton et al., 1968; Holloway and 

Deas, 1971; Kallio et al., 2006) 

9,10,18- trihydroxyoctadecanoic acid Methyl  ester TMS ether 

547, 332, 303, 259, 243, 212, 155, 

147, 129, 109, 103, 81, 75, 73 
44.421 

(Eglinton et al., 1968; Eglinton and 

Hunneman, 1968; Kallio et al., 2006) 

9,10,18- trihydroxyoctadec-12-enoic acid Methyl  ester TMS ether  

545, 361, 317, 271, 259, 155, 147, 

129, 109, 103, 75, 73 
43.960 

(Eglinton and Hunneman, 1968; Kallio et 

al., 2006) 

STEROLS and TRITERPENOIDS       

stigmasterol  TMS ether 484, 394, 355, 255, 213, 159, 129, 83, 73 52.43 NIST 

beta-amyrin TMS ether 498, 394, 279, 257, 218, 203, 189, 147, 129, 95, 73 53.30 (Ching et al., 2011) 

alpha-amyrin TMS ether 498, 393, 279, 218, 203, 189, 175, 135, 73 53.84 (Ching et al., 2011) 

delta-Amyrin TMS ether 73, 109, 189, 190, 204, 205, 218, 257, 279, 498 53.14 (Haliński et al., 2012) 
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Figure S3 – Representative cutin GC-MS chromatogram. Compound identification 

was based on the equipment spectral library (NIST) and/or EI-MS fragmentation 

patterns. Taken as example, one representative full total ion current spectrum of cutin 

is depicted (A) as well as the EI-MS spectrum corresponding to the most abundant 

monomer (10, 16-dihydroxy hexadecenoic acid methyl ester TMS ether) (B). 
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Table S2 – Elemental analysis of cutin purified after treatment with cholinium 

hexanoate 2 h before and after cryogenic milling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Cutin 
Cutin after 

cryogenic milling 

Nitrogen (N) < 1* < 1* 

Carbon (C) 63.98 ± 0.16 62.62 ± 0.19 

Hydrogen (H) 9.08 ± 0.12 9.05 ± 0.04 

Oxygen (O) 26.96 ± 0.27 28.33 ± 0.23 

*corresponding peak areas were outside the calibration curve, the value may 

be subject to error yet shown since the monomer 4-(2-aminoethyl)phenol 

contains N. Deviation from theoretical percentage (should be <0.4%). n.d., 

element not detected in the sample. 
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Table S3 – Monomeric composition of cutin extracted using cholinium hexanoate (2 

h), identified by NMR. Chemical structures and 1H and 13C chemical shifts (ppm) of 

the cutin monomers. Signals not resolved in the NMR spectra due to overlapping 

signals or not yet assigned are not shown in this table. 
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Figure S4 – 2D-1H-1H COSY-NMR spectrum (COrrelated SpectroscopY) of cutin 

extracted using cholinium hexanoate (2 h) in DMSO- d6 at 60 ºC. 

 

 

 

Figure S5 – 2D-1H-13C HSQC-NMR spectrum (Heteronuclear Single Quantum 

Coherence) of cutin extracted using cholinium hexanoate (2 h) in DMSO- d6 at 60 ºC. 
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Figure S6 – 2D-1H-13C HMBC-NMR spectrum (Heteronuclear Multiple Bond 

Correlation) of cutin extracted using cholinium hexanoate (2 h) in DMSO-d6 at 60 ºC. 

 

 

 

Figure S7 – 2D-1H-13C HSQC-NMR spectrum (Heteronuclear Single Quantum 

Coherence) of cutin extracted using 1-butyl-3-methylimidazolium acetate (2 h) in 

DMSO-d6 at 60 ºC. Magnification of the HSQC region corresponding to aliphatics. 

Some correlations (unlabelled) are uncertain or unidentified.  

* corresponds to signals assigned to the 1-butyl-3-methylimidazolium cation. 
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Figure S8 – 2D-1H-1H COSY-NMR spectrum (COrrelated SpectroscopY) of Micro-

Tom cutin isolated with cholinium hexanoate (2 h) in DMSO-d6 at 60 ºC. 

 

 

 

Figure S9 – 2D-1H-13C HSQC-NMR spectrum (Heteronuclear Single Quantum 

Coherence) of Micro-Tom cutin isolated with cholinium hexanoate (2 h) in DMSO-d6 

at 60 ºC. 
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Figure S10 – 2D-1H-13C HMBC-NMR spectrum (Heteronuclear Multiple Bond 

Correlation) of Micro-Tom cutin isolated with cholinium hexanoate (2 h) in DMSO-d6 

at 60 ºC. 

 

 

 

Figure S11 – 2D-1H-1H COSY-NMR spectrum (COrrelated SpectroscopY) of Micro-

tom cuticle in DMSO-d6 at 60 ºC. 
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Figure S12 – 2D-1H-13C HSQC-NMR spectrum (Heteronuclear Single Quantum 

Coherence) of Micro-Tom cuticle in DMSO-d6 at 60 ºC. 
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Figure S13 – Wide-ranging NMR spectral characterization of Micro-Tom from cus1 

untreated cuticle. The 1H NMR spectra of both samples (A), HSQC regions 

corresponding to aliphatics (B) and CH/CH2-X aliphatics (C). Some correlations 

(unlabeled) are uncertain or unidentified. 
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Figure S14 – 2D-1H-1H COSY-NMR spectrum (COrrelated SpectroscopY) of Micro-

Tom cutin isolated with cholinium hexanoate (2 h) from the cus1 mutant in DMSO-d6 

at 60 ºC. 

 

 

 

Figure S15 – 2D-1H-13C HSQC-NMR spectrum (Heteronuclear Single Quantum 

Coherence) of Micro-Tom cutin isolated with cholinium hexanoate (2 h) from the cus1 

mutant in DMSO-d6 at 60 ºC. 
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Figure S16 – 2D-1H-13C HMBC-NMR spectrum (Heteronuclear Multiple Bond 

Correlation) of Micro-Tom cutin isolated with cholinium hexanoate (2 h) from the cus1 

mutant in DMSO-d6 at 60 ºC. 

 

 

Figure S17 – 2D-1H-1H COSY-NMR spectrum (COrrelated SpectroscopY) of Micro-

Tom cutin isolated with cholinium hexanoate (2 h) from the gpat6 mutant in  

DMSO-d6 at 60 ºC. 
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Figure S18 – 2D-1H-13C HSQC-NMR spectrum (Heteronuclear Single Quantum 

Coherence) of Micro-Tom cutin isolated with cholinium hexanoate (2 h) from the gpat6 

mutant in DMSO-d6 at 60 ºC. 

 

 

Figure S19 – 2D-1H-13C HMBC-NMR spectrum (Heteronuclear Multiple Bond 

Correlation) of Micro-Tom cutin isolated with cholinium hexanoate (2 h) from the gpat6 

mutant in DMSO-d6 at 60 ºC. 
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Figure S20 – Overlaps of the 2D-1H-13C HSQC-NMR spectra (Heteronuclear Single 

Quantum Coherence) of Micro-Tom cutins isolated with cholinium hexanoate (2 h) 

from the wild type (grey) and each of the mutants, cus1 (red) and gpat6 (blue) in 

DMSO- d6 at 60 ºC. 
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Outline: The following chapter presents a submitted manuscript in its original form. In 
this chapter the systematic characterization of cutin and suberin from two different 
sources each is presented. A correlation between chemical structure and its impact 
on crystallinity and thermal resistance are presented for both plant polyesters. Five 
rules are proposed to demonstrate how the quantification of structure-property 
relationships can help to guide the development of novel bio-based materials.  
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Abstract 

 Polyesters, as they exist in planta, are promising materials with which 

to begin the development of “green” replacements. Cutin and suberin, 

polyesters found ubiquitously in plants, are prime candidates. Samples 

enriched for plant polyesters, and in which their native backbones were largely 

preserved, were studied to identify “natural” structural features; features that 

influence critical physical properties. Quantitative NMR, DSC and X-ray 

scattering methods were used to quantify structure-property relationships in 

these polymeric materials. The degree of esterification, namely the presence 

of acylglycerol linkages in suberin and of secondary esters in cutin, and the 

existence of mid-chain epoxide groups defining the packing of the aliphatic 

chains were observed. This packing determines polymer crystallinity, the 

resulting crystal structure and the melting temperature. To evaluate the 

strength of this rule, tomato cutin from the same genotype; studying wild-type 

plants and two well-characterized mutants, was analyzed. The results show 

that cutin’s material properties are influenced by the amount of unbound 

aliphatic hydroxyl groups and by the length of the aliphatic chain. Collectively 

the acquired data can be used as a tool to guide the selection of plant 

polyesters with precise structural features, and hence physicochemical 

properties. 
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Introduction 

 The use of synthetic plastics became widespread in the first half of the 

last century. This increased usage reflects their matchless durability, 

mechanical resistance, non-permeability, versatility, as well as their low 

production costs1. Plastics include a diverse range of materials,  

e.g. polyethylene, polyethylene terephthalate, polyvinyl chloride and 

polystyrene2, that are generated through harmful petroleum-based syntheses. 

These materials are employed in a vast range of products, many of which are 

single-use. At the end of the product life-cycle the limited degradability of 

these materials contributes to a massive pollution problem and to the 

destruction of habitats around the world. The plague of plastic pollution, 

especially that of microplastics in marine ecosystems, has a staggering impact 

on wildlife3. An increased awareness of this situation is driving the 

development of novel, sustainable alternatives as can be seen, for example, 

in the European Strategy for Plastics in a Circular Economy4. 

 During land colonization by plants, ca. 450 million years ago, plants 

acquired the capacity to synthesize cutin and, a related biopolymer, suberin5. 

These cell-wall heteropolymers exhibit barrier properties and contribute to 

controlling water loss, provide insulation against climatic variability, and 

protection against both abiotic and biotic pressures5. They are ubiquitously 

present in land plants as a major component of the cell walls of the epidermis 

(cutin) and of periderms (suberin; e.g. tree bark and tuber periderms) where 

they build defensive hydrophobic barriers5. Naturally, they can be regarded as 

evolutionarily optimized, multifunctional biopolymers that control many 

aspects of plant biology. Changes to cutin and/or suberin result in many 

divergent phenotypes. Examples include alterations to:  susceptibility to 

abiotic/biotic pressures; morphology; permeability and others6,7. These 

polymers (i.e. polyesters) constitute the third most abundant class of plant 

polymers, after cellulose/hemicellulose and lignin. Thus, these materials 

should be considered as frontrunners in the development of bioplastics as 

alternatives to their synthetic counterparts.  
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Cutin and suberin are composed of an extremely complex 

heterogeneous mixture of monomeric units that contain both linear alkyl and 

aromatic moieties of monomers linked through aliphatic esters8. Amongst the 

major differences, are the presence of C16/C18 ω-hydroxyacids in cutin, and 

the presence of both C16-C28 ω hydroxyacids and C16-C26 α,ω-diacids in 

suberin9. Suberin extraction from plant periderms implies ester cleavage, 

which is typically achieved using nonspecific, hydrolysis-based processes that 

release the monomeric constituents10. Recovery of cutin usually involves  

time-consuming enzymatic-based hydrolyses11, whereas subsequent 

chemical analyses often resort to extensive hydrolyses similar to those applied 

to suberin extraction12. To date, extraction of suberin while preserving its 

esterified polymer network, has only been achieved through the use of mild 

ionic liquid-catalysts that promote the selective and limited hydrolysis of 

acylglycerol esters13. Recently, it was demonstrated the suitability of this 

method for the isolation of suberin from cork14 and potato peels15. This 

methodology allowed to extract suberin while largely maintaining its native 

backbone, i.e. containing glycerol at levels close to its natural abundance. 

Additionally, a similar method could be used for the uncomplicated isolation of 

a highly esterified cutin matrix from tomato peels. This is due to the ability of 

the ionic liquid to solubilize the non-cuticular polysaccharides and waxes16. As 

a result, these ionic liquid-based processes represent a unique approach with 

which to obtain materials enriched in plant polyesters that maintain a highly 

esterified polymeric backbone. The extracted materials should closely mimic 

the physicochemical properties of the polyester barriers found in planta. This 

strategy clearly differs from the design of polymer materials that require 

extensive depolymerization followed by subsequent re-polymerization10,17,18, 

yet we believe that these approaches should be seen as two complementary. 

With the aim of supporting knowledge-based development of materials 

derived from plant polyesters, the structures of distinct plant polyesters at both 

macro- and nano-scales were systematically characterized. Specifically, cork 

and potato peel were used as suberin sources, and peel from tomato and red 
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pepper as cutin sources. The chosen raw materials are readily available as 

agro-industrial residues and are generated in thousands of tons per year just 

in Europe19. The plant polyesters were purified using established ionic  

liquid-based extraction methods14,16. Structural and chemical characterization 

of the materials was performed by combining analyses using Nuclear 

Magnetic Resonance (NMR) and Wide-Angle X-ray Scattering  

(WAXS complemented by thermal (Differential Scanning Calorimetry, DSC) 

and morphological (Scanning Electron Microscopy, SEM) analyses. To refine 

the understanding of how the chemical structure impacts the crystallinity and 

thermal resistance of the ensuing materials, cutin materials extracted from a 

defined tomato genotype (Micro-Tom) were also analyzed. Cutin was 

extracted from wild-type plants and also from two mutants defective in cutin 

biosynthesis. How each polymeric backbone, carrying distinct levels of 

esterification and mid-chain functionalities, assembles at both nano- and 

macro- levels, to form materials with diverse physicochemical properties is 

discussed in great detail. 
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Results and discussion 

 

Morphological characterization reveals different levels of structural 

organization 

 

Cutin and suberin were purified from the corresponding plant sources 

using cholinium hexanoate (2 h) as previously established14,16. Importantly, 

although these processes rely on the same catalyst - cholinium hexanoate, 

cutin is isolated from the cuticle as an insoluble component (following 

solubilization of polysaccharides and waxes in the ionic liquid), whereas 

suberin is recovered from the supernatant, which contains the ionic liquid as 

a soluble component, by precipitation in an excess of water (Figure S1). 

Naturally, the cutin and suberin samples exhibited very different morphological 

features, as observed by SEM (Figure 1).  

 

Figure 1. Morphological characterization of plant polyesters. SEM micrographs of 

cutin recovered from tomato peel (a), pepper peel (b), and of suberin from cork (c) 

and potato peel (d), following cholinium hexanoate extraction for 2 hours. 

 

The integrity of the cellular structure was largely preserved following the ionic 

liquid-based extraction of cutin from either tomato or pepper peels. A clean, 

thick cutin-continuum that showed the epidermal cell grooves was revealed 

(Figure 1a-b). The purified cork and potato suberin samples consist of ordered 

and elongated polygon structures (Figure 1c) and of porous and irregular 
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particles (Figure 1d), respectively. As such, the observed morphology of each 

type of polyester, upon extraction with cholinium hexanoate, is consistent with 

that previously reported for comparable samples14,16, highlighting the 

reproducibility of the extraction method. 

 

Ionic liquid-mediated hydrolysis is ester-type specific 

 

The capacity of an ionic liquid to hydrolyze octan-4-yl octanoate 

(secondary aliphatic ester), sucrose monolaurate (ester link between a  

fatty acid and a sugar), ethyl 4-hydroxy-3-methoxy-cinnamate  

(ester link between an alcohol and an aromatic acid) and  

poly(1,4-butylene adipate) (synthetic linear polyester) was evaluated. This 

dataset aims to complement data obtained previously with octyl-octanoate 

(primary aliphatic ester) and glyceryl-trioctanoate (acylglycerol ester) that 

showed virtually no ester cleavage and mild, yet progressive ester cleavage, 

respectively13,16. All the compounds tested here were largely resistant to the 

ionic liquid-mediated hydrolysis achieving only ca. 5 % of ester cleavage after 

2 h (Figures S2 and S3). Analyses of longer reaction times (until 24 h) 

demonstrated that the hydrolysis is ester-type specific as follows: acylglycerol 

ester > sugar ester ≅ aromatic ester > secondary aliphatic ester ≅ primary 

aliphatic ester. The  hydrolysis of the poly(1,4-butylene adipate) (Figure S4) 

did not occur, similar to that observed before with octyl-octanoate16. 

Collectively the data showed that after 2 h the ionic liquid mediated mild 

cleavage of distinct ester types, except of primary aliphatic esters that remain 

intact, consistent with the recovery of highly preserved esterified plant 

polyesters. 
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Nuclear magnetic resonance unveils quantitative chemical fingerprints for 

each plant polyester 

 

The elemental composition of either plant polyester under study is 

similar to what has been previously reported (Table S1)13,20–24. Note that small 

differences between the two polyester types, cutin and suberin, were 

observed. Small differences were also observed for same polyester type 

originating from different plant sources. In planta, the polyester backbone is 

linked to cell wall polysaccharides; a hypothesis supported by experimental 

data25–27. To test for the presence of polysaccharide moieties, the amount of 

hydrolysable carbohydrates present in each polyester type was analyzed 

(Table S2). The amounts of carbohydrates present in the polyester samples 

were below 0.1 %, with potato suberin reporting the highest value  

(1.16 ng/mg) and pepper cutin the lowest (0.12 ng/mg). 

 In recent studies, following successful solubilization of tomato cutin 

and cork suberin in DMSO, high-resolution, solution-state NMR spectra were 

acquired14,16. These previous studies enabled more details of the chemistry of 

the two polymers (e.g. for tomato cutin, the esterification level, assignment of 

esters, free acids and alcohols16; for suberin, the ratio of linear 

aliphatic/acylglycerol esters and the relative abundance of acylglycerol 

configurations14). In the present study, this methodological approach was 

used by resorting to a cryoprobe to further enhance the sensitivity of the NMR 

analyses. Thus, it was possible to expand the list of assigned signals and to 

quantify specific molecular features. The 1H NMR spectra for all samples was 

obtained at high resolution and, in agreement with previous reports, exhibited 

many overlapping signals (Figure 2aI-dI)14,16. The assignment of signals was 

achieved through a combination of 2D spectra (1H-1H COSY, 1H-13C HSQC 

and 1H-13C HMBC, Figures S5-S16, full list of assignments in Tables S3-S4), 

guided by previous NMR data for tomato cutin16 and cork suberin14, as well as 

NMR data from oligomeric structures obtained through methanolysis of tomato 

peels12. 
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 The analysis of the HSQC spectra for, both cutin samples shows the 

presence of two aliphatic regions with the assignment of CH2 and CH3 groups 

from the aliphatic chains, the ester bonds and the free mid-chain hydroxyl 

groups (Figure 2aII, 2bII).  

 It was possible to assign two new signals related to secondary aliphatic 

ester bonds (SAE) and epoxide rings (Figure 2aIII, 2bIII). The secondary ester 

bonds were assigned to a 13C shift of 72.61 ppm and 1H shift of 4.77 ppm, 

while the signal assigned to the epoxide rings (only detected in pepper cutin) 

have a 13C shift of 55.43 ppm and 1H shift of 2.82 ppm. Moreover, in the  

HSQC spectrum of tomato cutin it was only possible to detect secondary free 

hydroxyl groups (CHOH mid-chain), which contrasts with the detection of 

signals related to both primary (CH2OH) and secondary hydroxyl (CH-(OH)-) 

groups in pepper cutin. 

 In the HSQC spectra of both cutin samples, two signals were detected 

for the α-(C=O) with a 13C shift of 33 ppm associated with a 1H shift of  

2.25 ppm and of 2.19 ppm, which can be assigned to esters (Figure 2aII, 2bII). 

Vestigial amounts of microcrystalline cellulose were previously detected in 

tomato cutin samples purified by cholinium hexanoate16. Accordingly, the  

1H shift at 2.19 ppm may be associated with the presence of cellulose esters. 

The 13C shift at 34.66 ppm and 1H shift of 2.03 ppm was assigned to the free 

acids, a signal only present in tomato cutin, and absent in pepper cutin  

(Figure 2aII, 2bII). In the HMBC spectrum of these biopolyesters  

(Figures S7, S10), the 3JCH (three bond distance C···H) couplings detected, 

involving the ester carbonyl quaternary carbons, provided additional support 

for the presence of signals derived from esters and acids. Two different 

quaternary carbonyl carbons were present, with small differences in their 

chemical shifts: the carbon in the primary aliphatic ester (PAE), at 172.34 ppm; 

and the carbon in the free acid, at 173.96 ppm. These assignments were 

confirmed by their 3JCH connectivity: the primary ester carbon was coupled 

with the methylene protons, and the free acid was not coupled with any proton 

group with a 3JCH coupling. 
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Figure 2. Wide-ranging NMR spectral characterization of tomato cutin (a); pepper 

cutin (b); cork suberin (c); and potato suberin (d) upon isolation using cholinium 

hexanoate extraction for 2 hours. 1H NMR spectra of all samples (I); and the HSQC 

regions corresponding to aliphatics (II) and CH/CH2-X aliphatics (III). Some 

correlations (unlabeled) are uncertain or unidentified. 
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 For both suberin samples, the HSQC spectra show the presence of 

two aliphatic regions with the assignment of CH2 and CH3 groups from the 

aliphatic chains, the ester bonds and the free primary hydroxyl groups  

(Figure 2cII, 2dII). In these two polymers, signals that could be assigned to all 

five glycerol configurations (1,2,3-triacylglycerol (TAG), 1,2-diacylglycerol 

(1,2-DAG), 1,3,-dyacylglycerol (1,3-DAG), 2-monoacylglycerol (2-MAG) and 

1-monoacylglycerol (1-MAG)) were detected, as previously reported for cork 

suberin14, and potato suberin15. Moreover, the presence of the signal assigned 

to the epoxide groups was only observed in cork suberin at 13C shift of  

55.41 ppm and 1H shift of 2.80 ppm, consistent with a previous report14. 

 In both suberin samples, the signals related to the presence of  

α-(C=O) esters with a 13C shift of 33.05 ppm and 1H shift of 2.26 ppm, and 

presence of free acids at 13C shift of 35.43 ppm and 1H shift of 2.03 ppm were 

detected (Figure 2cII, 2dII). These assignments were confirmed by HMBC 

(Figures S13, S16). Two different quaternary carbonyl carbons were 

observed: in the primary aliphatic ester, at 173.01 ppm; and in the free acid, 

at 175.63 ppm. 

 The ionic liquid-based approach extracts plant polyesters that retain 

high levels of esterification; this can be shown quantitatively through NMR. To 

infer the degree of esterification, the relative abundances of total aliphatic 

esters was estimated, through the integration of the corresponding NMR 

signals. This approach allowed to discriminate the contributions of primary and 

secondary aliphatic esters in cutin; as well as primary and acylglycerol 

aliphatic esters in suberin (Table 1). 

 The ratio between primary and secondary esters provides meaningful 

information on the polymeric arrangement of cutin. Specifically, tomato cutin 

is enriched in secondary esters, whereas pepper cutin shows higher levels of 

primary esters. The amount of total esters in pepper cutin is threefold higher 

than is found in tomato cutin. This is consistent with the presence of a much 

more esterified cutin in pepper. Additionally, tomato cutin exhibits higher levels 
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of free hydroxyl groups, which also supports the idea of a lower degree of 

esterification28. 

 

Table 1. Chemical characterization of cutin and suberin samples. NMR quantification 

of the main functional groups in both plant polyesters from each source; and HPLC 

quantification of glycerol present in the recovered polymeric materials. 

 

 

The presence of free acids was observed in the 1H and HSQC spectra 

from tomato cutin (0.04 %, Table 1 and as reported previously16), but were 

undetected in the pepper cutin spectra. Glycerol was not detected in the 

HSQC analyses of either cutin sample (Figure 2aIII, 2bIII), nor could it be 

quantified by liquid chromatography (i.e. below the quantification limit of the 

method), which is consistent with a very low abundance of this monomer29. 

  Purified plant polyesters  

  Cutin Suberin  

  Tomato Pepper Cork Potato 

N
M

R
 

Primary esters (%) 20i) [0.2] 59 i) [1.77] 30iii) 17 iii) 

Secondary esters (%) 80 i) [0.8] 41 i) [1.23] - - 

Total esters 1 ii) 3 ii) - - 

Acylglycerol esters (%) - - 70 iii) 83 iii) 

Free acidsiv) (%) 0.04 n.d. 0.47 0.66 

Glycerol configurationv) 

(%) 

1,2,3-TAG 

n.d. n.d. 

6 12 

1,2-DAG 19 18 

1,3-DAG 25 38 

1-MAG 23 28 

2-MAG 27 4 

31P NMR quantification 

(mmol/g) 

Free acids 0.07 0.05 0.30 0.43 

OH aliphatics 4.17 0.34 2.39 5.89 

OH aromatics n.d. 0.01 0.44 0.49 

H
P

L
C

 

Glycerol (%, w/w) n.d. n.d. 
3.86 ± 

0.31 
2.16 ± 0.20 

i)Relative abundances of primary and secondary esters present in cutin calculated through the integration of signals 

in the 1H NMR spectra. Values in brackets correspond to the normalized values using the amount of the total esters 

in each sample. 
ii)Integration of the total ester signal was normalized to benzene for comparison between samples.  
iii)Relative abundances of linear and acylglycerol esters present in suberin calculated by the integration of each 

signal’s volume contour in the 1H 13C HSQC spectra. 
iv)Content of free acids relative to the total area of 1H spectrum.  
v)Relative abundances of glycerol configurations calculated through volume contour in the 1H-13C HSQC spectra. 

n.d. refers to not detected, TAG, DAG, and MAG stand for triacylglycerol, diacylglycerol, and monoacylglycerol, 

respectively.  
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In contrast with cutin, glycerol is known to be a structural monomer in 

the polymeric arrangement of suberin30. Resorting to liquid chromatography, 

the glycerol content found in cork and potato suberin was quantified, 

consisting of 3.86 % and 2.16 % (w/w), respectively. This difference suggests 

that cork suberin is more esterified than potato suberin. Bearing in mind the 

mode of action of cholinium hexanoate, a selective catalyst that mildly 

hydrolyses the acylglycerol esters in suberin, the relative abundance of each 

acylglycerol configuration was inferred through their contour volume integrals 

in the HSQC spectra14,15. Both biopolymers contained all  five possible 

configurations, similar to what was reported previously14,15. Overall, the data 

show that cork suberin has longer polyester chains, due to a greater degree 

of esterification (viz. higher glycerol content, and more acylglycerol and 

primary esters), compared to potato suberin (Table 1). 

Since the esterification level of each polyester-type was distinctively 

evaluated, i.e. levels of secondary esters in cutin and acylglycerol esters in 

suberin, 31P NMR was performed to systematically quantify specific free 

chemical groups in all samples. This methodology was initially proposed for 

the quantitative analysis of lignocellulosic polymers and involves the selective 

labeling of free OH groups31. The presence of free acids and OH aliphatics 

could be detected in all samples. This confirms the presence of free acids in 

pepper cutin, despite the lack of a corresponding signal in both the 1H and 

HSQC NMR spectra for this sample. Cutin samples have 5-10 times lower 

amounts of free acids compared to suberin samples. While tomato cutin and 

both suberin samples have similar OH aliphatic content, pepper cutin has a 

striking 7-17 fold lower amount of this component. Both suberin exhibit similar 

high levels of OH aromatics; functionalities also found in pepper cutin, but at 

very low amounts (Table 1). 

Through the use of high-resolution NMR-based methods, the 

esterification level in cutin and suberin was quantified. The identification and 

quantification of mid-chain and end-chain chemical groups in these materials 

was achieved, reflecting their astonishing chemical variability: each material 
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reflects a particular polyester chemistry. A schematic representation of these 

findings, along with the relative abundance of selected components for each 

polyester, is depicted in figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Schematic representation of the main mid-chain and end-chain 

functionalities (highlighted in different colors) of the plant polyesters cutin and suberin. 

Their relative abundance (– absent; + present) in different polyester types and from 

different sources is depicted to ease the understanding of the primary polymeric 

structure. 

 

Cutin and suberin polymeric arrangement significantly impacts their 

physicochemical properties 

 

The composition of a plant polyester dictates its structural organization 

and thus is responsible for its physicochemical properties. It is important to 

identify critical structural features of plant polyesters, including those at the 

molecular level, as these greatly influence the macro-structural arrangement 

and thus the physicochemical properties of these polymeric materials. To this 

end, DSC and X-ray scattering techniques, which provide information about 
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the thermal profile and fundamental structural features of materials 

respectively (Figure 4), have been employed in a combination with NMR 

results (Table 1 and Figure 2) to establish relationships between chemical 

composition and structural properties.  

 The DSC thermograms acquired for both cutin and suberin samples 

demonstrate pronounced melting peak(s) that indicate the presence of 

crystalline component(s) in these materials. Tomato cutin shows a higher 

enthalpy (ΔH = 98.1 J.g-1) compared to pepper cutin (ΔH = 49.7 J.g-1;  

Figure 4a) suggesting that the former has a higher degree of crystallinity. This 

is also consistent with the WAXS results (Figure 4b).  

The WAXS pattern obtained for the tomato cutin matches that reported 

previously for a similar material16: a broad peak at q ~ 1.41 Å-1 and two weak 

diffraction peaks at q ~ 1.52 Å-1 and 1.69 Å-1 (Figure 4b, black curve) 

corresponding to d-spacings of 4.45 Å, and 4.13 Å and 3.72 Å, respectively. 

Such a WAXS pattern is characteristic of a semicrystalline polymer with small 

crystalline domains. The broad peak (d ~ 4.45 Å) can be assigned to the inter-

chain distance between acyl chains forming either an amorphous polymer 

structure32 or a hexagonal packing similar to rotator phases33. The two weak 

diffraction peaks can be attributed to domains of acyl chains ordered in an 

orthorhombic crystal structure (space group Pnma, Miller indexes 110 and 

200, respectively) usually formed by molecules that consist of alkane-like 

chains such as triacylglycerols (β’ phase)34 or polyethylene35,36. None of these 

diffraction peaks (that indicate the formation of well-ordered crystalline 

moieties in tomato cutin) could be observed in the WAXS patterns for pepper 

cutin (Figure 4b, red curve). The more amorphous nature of pepper cutin is 

possibly due to the abundance of secondary esters and epoxide groups. In 

tomato cutin, secondary esters are present at a lower amount and epoxide 

groups are entirely absent (Table 1). 
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Figure 4. DSC thermograms (a, c) and WAXS patterns (b, d) collected for cutin and 

suberin samples isolated using cholinium hexanoate extraction for 2 hours. The 

vertical straight lines in the WAXS patterns indicate the position of diffraction peaks of 

cellulose (dotted lines) and crystallized n-alkane chains (dashed lines). Miller indexes 

assigned to the lines correspond to Iβ cellulose (monoclinic space group P1211) and 

n-alkane chain packing (orthorhombic space group Pnma). 

 

 The orthorhombic crystal structure observed in tomato cutin is 

consistent with its higher melting temperature (123 ºC) compared with that of 

pepper cutin (100 ºC) (Figure 4a). The lower esterification level of the acyl 

chains in tomato cutin, compared with pepper cutin, possibly facilitates the 

formation of an orthorhombic unit cell. Such a unit cell is thermodynamically 

more stable than a rotator phase that is likely to be formed by distorted 

(esterified) alkane chains packed in a hexagonal array33. Collectively, the 

acquired data strongly suggest that both the esterification level (mainly related 
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to the presence of secondary esters in cutin) and the presence of mid-chain 

epoxide groups are the key features that control packing of the aliphatic 

chains; increasing the esterification level and abundance of mid-chain 

epoxides reduces cutin’s crystallinity and melting temperature. 

 Finally, the diffraction peak at q ~ 2.46 Å-1, observed for both cutin 

samples (Figure 4b), cannot be related to the acyl chain crystalline structure. 

Its position is significantly shifted from a possible 020 peak of the orthorhombic 

structure expected at q = 2.55 Å-1 (Figure 4b). This peak is likely to be 

associated with crystalline cellulose and can be assigned to a 004 reflection 

of monoclinic Iβ cellulose (space group P1211)37. Notably, the most intense 

200 diffraction peak of the Iβ cellulose expected at q = 1.63 Å-1 is not visible 

because of an overlap with an intense broad peak that corresponds to the 

amorphous polymer structure. Crystalline cellulose usually coexists with 

amorphous cellulose37, but it would be difficult to identify the amorphous 

cellulose component, with its expected maximum peak intensity at  

q = 1.52 Å-1, from the broad diffuse peak observed in cutin’s WAXS patterns. 

Using specific antibodies for crystalline cellulose, comparable  

semi-quantitative levels were estimated for both samples (Figure S17). The 

amount of hydrolysable carbohydrates (< 0.05 %) is higher in tomato cutin 

than pepper cutin (Table S2). 

 The thermal characterization of suberin samples revealed that much 

higher enthalpy was needed to melt the crystals in potato suberin  

(ΔH = 117.6 J.g-1) compared to cork suberin (ΔH = 81 J.g-1) (Figure 4c). These 

values are in good agreement with the corresponding WAXS patterns  

(Figure 4d). The cork suberin pattern shows a broad peak between  

q = 1.35 Å-1 and 1.6 Å-1, similar to cutin (Figure 4b), overlapping with a 

relatively sharp diffraction peak at q ~ 1.5 Å-1 (Figure 4d, blue curve). This 

pattern is characteristic of an amorphous polymer with a significant amount of 

crystalline component indicated by the diffraction peak at  

q ~ 1.5 Å-1 (d ~ 4.2 Å), which could correspond to a 100 reflection of a 

hexagonal rotator phase structure formed by acyl-chain packing. The potato 
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suberin WAXS pattern shows a broad peak similar to that observed for the 

cork suberin and also exhibits three additional pronounced peaks at  

q = 1.52 Å-1, 1.69 Å-1 and 2.55 Å-1 that are characteristic of crystalline moieties 

corresponding to an orthorhombic structure (Figure 4d, green curve). In 

contrast to cutin, WAXS patterns for suberin showed no signs of crystalline 

cellulose. Very low amounts of hydrolysable carbohydrates could be detected 

in these samples (Table S2). 

 The calorimetric analysis of both suberin samples revealed a thermal 

profile that is strikingly distinct from cutin, specifically the presence of more 

than one melting point. In particular, potato suberin has three melting 

temperatures (56, 65 and 103 ºC), while cork suberin exhibits two melting 

temperatures (67 and 78 ºC; Figure 4c). The more organized crystalline 

structure of potato suberin naturally results in both higher enthalpy and melting 

temperature compared to cork suberin. As concluded for cutin, the formation 

of crystalline structures is influenced by the esterification level, which in 

suberin is mainly dictated by the presence of both acylglycerol esters and 

epoxide groups. Hence, in cork suberin the presence of epoxide groups 

hinders the packing of the aliphatic chains rendering a less organized 

polymeric structure. Notably, the orthorhombic structure observed in the 

potato suberin WAXS pattern matches that observed in the tomato cutin 

(Figure 4b, black curve), showing an unexpected similarity between these two 

distinct types of plant polyesters at the nanoscale. Both potato suberin and 

tomato cutin have lower esterification levels than their counterparts, but the 

former has more orthorhombic crystalline moieties. This shows that the 

packing of the aliphatic chains is eased by the presence of the acylglycerol 

linkages that are present in suberin but not by the secondary esters present 

in cutin. This finding is also consistent with previous studies34. 

 Overall, the acquired data show that the exploitation of different plant 

sources, containing plant polyesters with distinct chemistries, can be used to 

tune the physical properties of extracted materials. Considering the range of 

physicochemical properties exhibited by different plant polyesters, or by 
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polyesters from different sources, it would be desirable to continue to use 

tomato cutin as a model with which to further analyze how specific structural 

alterations influence physicochemical properties. 

 

Genetic modifications allow the fine-tuning of cutin physicochemical properties 

 

The physicochemical properties of polyesters from a defined genotype, 

Micro-Tom cultivar, and from two of its well-characterized mutants were 

analyzed. The selected mutants were gpat6 (GLYCEROL-3-PHOSPHATE 

ACYLTRANSFERASE gene) and cus1 (CUTIN SYNTHASE gene)28,38,39, that 

exhibit altered cutin composition and altered degrees of intra-chain branching. 

In the gpat6 mutant (formerly named cutin-deficient mutant cud1)28, the 

synthesis of the major cutin precursor is hindered, resulting in a thinner cuticle 

with decreased levels of cutin but enriched in fatty acids38. In the cus1 mutant, 

cutin polymerization is impaired40,41 and the presence of secondary esters is 

greatly reduced28. The cutin samples were purified from tomato peels using 

the established ionic liquid method16 and analyzed using the same procedures 

used for other samples in this study. SEM revealed that all cutin samples 

extracted from Micro-Tom tomato peels (Figure S18) showed similar 

morphologies to those of both tomato and pepper cutin (Figure 1), as well as 

to those previously reported by us for cutin from the same genotype16. Our 

main goal was to analyze if specific alterations in cutin biosynthesis would 

lead to predictable alterations in the physicochemical properties of the 

resulting polymers. This constitutes an unmatched approach to confirm the 

importance of cutin esterification levels and how they relate to its thermal 

resistance and crystallinity. 

The assignment of the NMR signals was attained through a 

combination of 2D spectra (1H-1H COSY, 1H-13C HSQC and 1H-13C HMBC, 

Figures S19-S27); and is in good agreement with previous reports16. The 

magnification of the HSQC regions corresponding to aliphatics and  

CH/CH2-X aliphatics for all cutin samples (Figure S28) revealed that both 
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cutins extracted from the mutant strains are enriched in CH3 groups when 

compared to cutin from the wild-type strain. This is consistent with previous 

studies16,28,38. All of the crucial quantifications required for the analysis of the 

polymeric structural organization are summarized in Table 2.  

 

Table 2. Chemical characterization of cutin samples from Micro-Tom cultivars. NMR 

quantification of the main functional groups in the cutin samples derived from Micro-

Tom tomato peel - wild-type, cus1 and gpat6 - isolated using cholinium hexanoate 

extraction for 2 hours.   

 

As anticipated, the analyzed cutin samples exhibit great differences in 

the degree of esterification and in the content of OH aliphatics. The cutin 

extracted from the wild type Micro-Tom cultivar is more esterified than that of 

both mutants; cutin from the gpat6 mutant is the least esterified. The trend 

observed for the amount of secondary esters (normalized values) is  

wild-type > gpat6 > cus1. The trend for the amount of OH aliphatics, calculated 

by 31P NMR, is cus1 > gpat6 > wild-type. The observed increase in the content 

of free OH aliphatics correlates with a decrease in the secondary ester 

content. This observation is also in general agreement with previously 

published data on these mutants that was obtained using an independent 

approach (detection of benzyl etherified OH groups in cutin hydrolysates)28. 

The amount of free OH groups detected by 31P NMR may include some free 

OH groups from cuticular polysaccharides (regardless of their very low 

  Purified cutin from Micro-Tom tomatoes peels 
  Wild-type cus1 gpat6 

N
M

R
 

Primary estersi) 66 [6.6] 78 [6.24] 25 [0.75] 

Secondary esters i) 34 [3.4] 22 [1.76] 75 [2.25] 

Total estersii) 10 8 3 

Free acidsiii) 0.14 n.d. n.d. 

31P quantification 

(mmol/g) 

Free acids 0.065 0.067 0.029 

OH aliphatics 2.467 7.82 7.609 

OH aromatics 0.168 n.d. n.d. 
i)Relative abundances of primary and secondary esters present in cutin calculated through integration of signals in 

the 1H NMR spectra. Values in parentheses show the normalized values using the amount of total esters in each 

sample.  
ii)Integration of the total ester signal was normalized with benzene for comparison between samples.  
iii)Content of free acids relative to the total area of 1H spectrum. 
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abundance; Table S2). Additionally, free acids are less abundant in the gpat6 

cutin, and OH aromatics are only detected in the wild-type cutin. Here, the 

structural features (total, primary and secondary esters; Table 2) were 

precisely assigned and constitute absolute values. This differs from a previous 

study on similar cutin materials where their relative abundances were 

qualitatively inferred16. The ability to systematically compare the absolute 

quantities of structural features associated with mutations that affect cutin 

biosynthesis is a powerful methodology, one that deserves a more focused 

analysis in the near future. 

The DSC thermograms of all Micro-Tom cutin samples (Figure 5a) 

show considerably higher melting temperatures for cutin from both mutants  

(cus1 169 ºC, and gpat6 175 ºC) compared to the wild type (131 ºC). The 

thermal resistance of the wild-type cutin is close to that observed for tomato 

cutin purified from commercial tomatoes (123 °C, Figure 4a), reflecting the 

impact of the plant raw material. 

The enthalpy required to melt the crystalline moieties present in the 

polymeric materials shows a similar trend: cus1 and gpat6 cutin samples 

display much higher enthalpy (cus1 159 J.g-1, and gpat6 124 J.g-1) compared 

to the wild-type (82 J.g-1). The WAXS patterns of the Micro-Tom tomato cutin 

samples (Figure 5b) are similar to those obtained for the commercial tomato 

cutin (Figure 4b): a broad band near q = 1.44 Å-1 and three weak diffraction 

peaks at q ~ 1.52 Å-1, 1.69 Å-1 and q ~ 2.46 Å-1 (Figure 5b). The peaks related 

to the orthorhombic structure of the crystals are, however, more pronounced 

in the cutin extracted from both mutants compared to that of the wild type. This 

reflects the higher degree of crystallinity found in the cutin extracted from the 

mutants. The third diffraction peak at q ~ 2.46 Å-1 observed for all Micro-Tom 

cutin samples should be related to the 004 reflection of monoclinic Iβ cellulose 

(space group P1211) (Figure 5b), in analogy to both commercial tomato and 

pepper cutin (Figure 4b). The presence of crystalline cellulose could be 

confirmed through immunoblotting (Figure S17). The estimated,  

semi-quantitative values make it evident that a lower proportion of 
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microcrystalline cellulose is present in cutin from wild-type plants compared to 

either mutant. The results obtained are consistent with WAXS results showing 

that the crystalline cellulose diffraction peak of the wild type cutin is 

significantly less intense in comparison with that from the mutant cutins  

(Figure 5b). Interestingly, the cutin samples extracted from the peel of wild-

type cultivars, the commercial cultivar and the miniaturized Micro-Tom 

tomatoes, showed almost identical levels of microcrystalline cellulose  

(Figure S17) and of total hydrolysable carbohydrates (Table S2). The last are 

also comparable in either cutin extracted from the mutants. These results 

suggest that the higher thermal resistance of the cutin extracted from either 

mutant may include the contribution from cuticular polysaccharides 

(regardless of their very low abundance; Table S2). The presence of cuticular 

polysaccharides in either cutin sample is consistent with data recently 

reported for tomato cutin extracted using the conventional enzymatic-based 

approach26. This result adds support to previous data that suggested the 

existence of crosstalk between lipid and polysaccharide deposition in these 

mutants plant cuticles26,38; either mutation would affect both the cutin polymer 

and the cuticular polysaccharides. 
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Figure 5. DSC thermograms (a) and WAXS patterns (b) collected for cutin samples 

extracted from Micro-Tom tomato peel - wild-type, cus1 and gpat6 - isolated using 

cholinium hexanoate extraction for 2 hours. The vertical straight lines in WAXS 

patterns indicate the position of diffraction peaks of cellulose (dotted lines) and 

crystallized n-alkane chains (dashed lines). Miller indexes assigned to the lines 

correspond to Iβ cellulose (monoclinic space group P1211) and n-alkane chain packing 

(orthorhombic space group Pnma). 

 

 Finally, the low crystallinity of the wild-type cutin is likely related to its 

high degree of esterification along with the high amount of secondary esters. 

The cus1 mutant has a more crystalline cutin due to the low abundance of 

secondary esters (normalized values) and high OH aliphatics content. These 

modifications permit the polymeric chains to pack into an orthorhombic 

structure. Although the amount of secondary esters in cutin extracted from the 

gpat6 mutant has an intermediate value (i.e. higher than cus1 cutin but lower 

than the wild-type) it is more crystalline than the wild-type cutin. We 

hypothesize that the high content of unbound OH aliphatics in conjunction with 

the shorter polymeric chain lengths (inferred by the low amount of primary 

esters) facilitates the organization of the polymeric chains into a more 

crystalline material. Additionally, the enrichment of fatty acids in either mutant 

cutin may also play a crucial role in the crystallization of the polymeric chains. 



Chapter III 

 

128 
 

Conclusions 

 Plant polyesters constitute multifunctional polymers that can be 

isolated preserving high esterification levels. Through a systematic analysis of 

the chemistry, structure, thermal resistance and crystallinity of distinctive plant 

polyesters, we have identified the most critical “natural” structural features that 

influence their material properties. Specifically, quantitative NMR methods, 

DSC and X-ray scattering data were collected and their integration defines the 

Rules Of Thumb For The Quantification Of The Structure-Property 

Relationships Of Plant Polyesters. These rules are outlined below: 

 

1. Despite the amorphous nature of the polymeric materials analyzed 

here, the degree of esterification dictates the packing of the aliphatic chains 

(also influenced by their length) and hence polymer crystallinity (and the 

resultant crystal structure) and melting temperature. 

2. A low degree of esterification favors the formation of crystalline 

regions, yet the packing of the aliphatic chains is easier to accomplish in the 

presence of acylglycerol bonds when compared to secondary esters. 

3. The packing of the aliphatic chains is greatly influenced by the 

presence of mid-chain epoxide groups. 

4. Increased amounts of unbound OH aliphatic groups and smaller 

chain lengths (inferred from the amount of primary esters) facilitate the 

organization of the polymeric chains. 

5. A low degree of esterification of the acyl chains in the polyester 

favors the formation of alkane microcrystals with an orthorhombic structure. 

 

 How the molecular weight of the polymer correlates with the 

physicochemical properties remains unanswered because their broad 

insolubility in organic solvents hinders the development of a method with 

which to analyze both polyester types. Further characterization of their 

mechanical properties (in addition to their molecular weight) will be essential 
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to refine these proposed rules, with the eventual aim of developing a user-

friendly computing toolbox. 

 Finally, it is worth reinforcing the broad applicability of the quantitative 

NMR workflow developed here for the collection of thorough quantitative 

molecular structure data on diverse plant polyesters. This can be applied in 

materials sciences, specifically for the design of polyester-materials, 

supporting the selection of suitable plant sources and/or  

downstream-processes (e.g. control of esterification level/type). The workflow 

also constitutes an essential tool for the structural characterization of 

polyesters from model plant genotypes and may support the identification of 

cultivars carrying features that may be correlated with higher resistance to 

abiotic pressures (e.g. climate change). 

 To conclude, we have deduced the Rules Of Thumb For The 

Quantification Of The Structure-Property Relationships Of Plant Polyesters 

following a systematic characterization of the structure, chemistry, thermal 

resistance and crystallinity of two polyesters types, in both cases greatly 

preserving the natural polymeric backbone. Unexpectedly, similar crystal 

structures were observed in distinct polyester types (potato suberin and 

tomato cutin) and highly thermally resistant cutin was found in both Micro-Tom 

mutants. The future holds promise; we have started to learn how to tune 

specific properties of plant polyesters through genetic manipulation or through 

the selection of different source materials; supporting the development of 

materials for specific applications in the future. 
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Materials and Methods 

 

Plant Material. Peels from commercially available tomato (Solanum 

lycopersicum) and red pepper (Capsicum annum) were manually removed, 

thoroughly washed and then dried until constant weight at 60 °C. After drying, 

the peels were milled using a Retsch ZM200 electric grinder (granulometry 

0.5 mm; 10000 rpm) and stored at room temperature until further processing. 

Micro-Tom cultivar tomatoes were provided by Institut National de la 

Recherche Agronomique (INRA) in Bordeaux; both mutants (gpat6 and cus1) 

were generated in the miniature cultivar Micro-Tom by an  

ethyl methanesulfonate (EMS) mutagenesis42. All fruits used were in the red 

ripe developmental stage. 

Granulated cork (bark from Quercus suber L.) was obtained from 

Amorim & Irmãos SA (Santa Maria de Lamas, Portugal) and white potatoes 

(Solanum tuberosum L., cv. Monalisa) from Batatas Mirense, Lda.  

(Mira, Portugal). Raw potato tubers were peeled; the peels were scraped in 

boiled water to ensure minimum pulp content and dried at 50 ºC until constant 

weight. Both plant sources were first milled (Retsch ZM200 electric grinder; 

granulometry 0.5 mm; 10000 rpm), then extractives removed by sequential 

Soxhlet extraction with solvents of increasing polarity (dichloromethane, 

ethanol and water) as previously described13. The extractive-free preparations 

were washed in an excess of deionized water for complete removal of low 

molecular weight compounds and dried until constant weight at 60 °C before 

use. 

 

Chemicals. Sodium hydroxide (> 98 %) was purchased from José Manuel 

Gomes dos Santos; methanol (≥ 99.8 %), ethanol (99.8 %), dimethyl sulfoxide 

(DMSO, > 99.99 %), hexane (> 95 %), chloroform (> 99.98 %), 

dichloromethane (> 99.99 %) from Fisher Chemical; cholinium hydrogen 

carbonate (~ 80% in water), hexanoic acid (> 99.5%), sucrose monolaurate  

(> 97 %), 4-octanol (> 97 %), octanoic acid (≥ 98 %), p-toluene-sulfonic acid 
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monohydrate (> 98 %), sulfuric acid (95-97 %), deuterated chloroform  

(CDCl3, 99.8%), poly(1,4-Butylene Adipate) (Mw ~ 12.000 g/mol), from 

Sigma-Aldrich; deuterated dimethyl sulfoxide (DMSO-d6, > 99.99%) from 

Merck; and ethyl 4-hydroxy-3-methoxy-cinnamate (99 %) from Alfaesar. 

Cholinium hexanoate was synthesized by dropwise addition of hexanoic acid 

to aqueous cholinium hydrogen carbonate in equimolar quantities, as 

previously described43. 

 

Isolation of plant polyester enriched materials. Suberin13 and cutin16 were 

extracted from cork/potato peel and tomato/pepper peels, respectively as 

previously described. In brief, 2 g of the plant source (previously ground to a 

fine powder) were mixed in 20 g of ionic liquid (cholinium hexanoate) and 

incubated for 2 hours at 100 °C without stirring. The reaction was stopped by 

the addition of 160 mL of DMSO. The insoluble residue was separated by 

filtration using a nylon membrane filter (0.45 µm). Suberin materials were 

recovered from the filtrate through precipitation in an excess of water, whereas 

cutin materials were recovered from the insoluble fraction retained on the filter. 

The ensuing materials, i.e. purified plant polyesters, were washed with an 

excess of deionized water with the aid of centrifugation (Beckman J2-MC 

centrifuge, 11655 g at 4 °C for 30 minutes) and subsequently freeze-dried. 

The ensuing polyester powders were kept at room temperature until further 

analysis. 

 

Synthesis of octan-4-yl octanoate. A mixture of 4-octanol (1 mL) with 

octanoic acid (0.5 mL) in the presence of a catalytic amount of H2SO4 and  

p-toluene-sulfonic acid monohydrate was prepared. The mixture was allowed 

to react at 60 ºC under continuous stirring, for one week. The end product was 

recovered by adding a saturated solution of NaCl to remove the 4-octanol in 

excess (washing step). Yellow oil (74.5 %); 1H NMR (400 MHz, CDCl3):  

4.88 (quintet, J=5.4Hz, 1H); 2.28 (t, J=7.5Hz, 2H); 1.59 (m, 3H); 1.49 (m, 3H); 
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1.30 (m, 19H); 0.87 (m, 14H); 13C NMR (100 MHz, CDCl3): 73.76; 36.34; 

34.68; 33.85; 31.87; 29.21; 27.64; 25.32; 22.76; 18.70; 14.14. 

 

Testing the ability of an ionic liquid to hydrolyze ester bonds linking 

distinct monomers. Standard compounds carrying distinct types of esters 

bonds were tested, namely octan-4-yl octanoate, sucrose monolaurate,  

ethyl 4-hydroxy-3-methoxy-cinnamate and poly(1,4-butylene adipate). Either 

standard compound (~ 50 mg) was mixed with cholinium hexanoate  

(1:10, w/w) at 100 °C, with stirring, for 2, 6, or 24 h. To stop the  

poly(1,4-butylene adipate) reaction, an excess of water was added, then the 

reaction products were recovered by centrifugation (15557 g, 4 °C,  

30 minutes), lyophilized and analyzed by NMR (see below). For the remaining 

standards, the reaction was stopped by placing the reaction mix on ice. The 

mixture was then acidified to pH 3/3.5 with 1 M HCl solution, spiked with a 

known concentration of hexadecane (internal standard), and extracted three 

times using a dichloromethane/water partition. The dried combined organic 

phases were derivatized with N,O-bis(trimethylsilyl)trifluorocetamide in 

pyridine (5:1) for 30 min at 90 °C. The TMS derivatives in the organic fractions 

were then analyzed by GC-MS (Agilent: 7820A GC and 5977B quadrupole 

MS; HP-5MS column) as follows: ramp temperature 80 °C, then 4 °C/min to 

310 °C for 15 min. The MS scan mode, with source at 230 °C and electron 

impact ionization (EI+, 70 eV) was used for all samples. Each sample was 

analyzed in technical duplicates. Data acquisition was carried out using  

MSD ChemStation (Agilent Technologies); compounds were identified based 

on the equipment’s spectral library (Wiley-National Institute of Standards and 

Technology). 

 

Microscopic analyses. Plant polyester samples were placed on an aluminum 

sample holder with double sided carbon tape and subsequently covered with 

a thin Au/Pd film on a Q150T ES Quorum Technologies sputter coater. SEM 

micrographs were acquired on a JEOL FEG-SEM model JSM-7001F. 
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Cryogenic grinding process. A RESTCH Cryomill equipped with a 25 mL 

grinding jar with 4 zirconium oxide grinding balls (10 mm) was used. All 

samples of purified cutin were cryogenically milled at -196 ºC (liquid nitrogen) 

using 200 milling cycles as follows: 3 min of pre-cooling followed by 9 milling 

cycles, each cycle consisting of 3 min of milling at 30 Hz followed by 0.5 min 

of intermediate cooling at 5 Hz. 

 

Nuclear Magnetic Resonance (NMR). NMR spectra of polyesters  

(either plant polyesters or the synthetic polyester) were recorded using an 

Avance III 800 CRYO (Bruker Biospin, Rheinstetten, Germany), except for the 

HSQC spectra of purified suberin where an Avance II+ 800 was used instead 

(Bruker Biospin, Rheinstetten, Germany). All NMR spectra (1H, 1H-1H COSY, 

1H-13C HSQC, 1H-13C HMBC) were acquired in DMSO-d6 using 5 mm diameter 

NMR tubes, at 60 °C as follows: 3 mg of cryomilled cutin, or 20 mg of suberin 

in 400 μL of DMSO-d6. Quantitative 31P NMR of suberin and cutin was also 

performed using an Avance III 500 (Bruker Biospin, Rheinstetten, Germany)31. 

NMR spectra of octan-4-yl octanoate were recorded using an Avance III 400 

(Bruker Biospin, Rheinstetten, Germany). All NMR spectra (1H, 1H-1H COSY, 

1H-13C HSQC, 1H-13C HMBC) were acquired in CDCl3 using 5 mm diameter 

NMR tubes, at 25 ºC. MestReNova, Version 11.04-18998 (Mestrelab 

Research, S.L.) was used to process the raw data acquired in the Bruker 

spectrometers. 

 

Differential scanning calorimetry (DSC). The DSC analyses were carried 

out in a TA Instruments Q200 calorimeter connected to a cooling system and 

calibrated with different standards (indium, empty cap). The polyester sample 

weights ranged from 9 to 11 mg. A temperature interval from -80 ºC to 220 ºC 

has been studied and the used heating/cooling rate was 10 ºC·min-1. In order 

to compare DSC and X-ray scattering results, enthalpy and melting points 

were measured using the first heating curve. 
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Wide-Angle X-ray Scattering (WAXS). WAXS data were collected using a 

laboratory SAXS/WAXS beamline (Xeuss 2.0, Xenocs, France) equipped with 

a liquid gallium MetalJet X-ray source (Excillum, Sweden)  

(wavelength λ = 1.34 Å), two sets of motorized scatterless slits for beam 

collimation and a Pilatus 100k two-dimensional (2D) pixel WAXS detector 

(Dectris, Switzerland). Loose cutin and suberin powder samples were 

enclosed between two flat kapton films and mounted on the beamline sample 

stage (the total sample thickness is about 1 mm). 2D WAXS patterns were 

recorded in a transmission mode over a q range of 1.3 Å-1 to 3.5 Å-1  

[where q = (4πsinθ)/λ = 2π/d is the length of the scattering vector, θ is  

one-half of the scattering angle and d is spacing in real space] using an 

exposure time of 1200 seconds. The WAXS data were reduced (calibrated, 

integrated and background-subtracted) using the Foxtrot software package 

supplied with the instrument. 

 

Glycerol quantification by high-performance liquid chromatography 

(HPLC). The purified polyester samples were submitted to alkaline hydrolysis 

to release the hydrolysable monomeric constituents. Briefly, samples were 

treated with a solution of 0.5 M NaOH in methanol/water (1:1, v/v) at 95 ºC, 

for 4 hours. The mixture was cooled to room temperature, acidified to  

pH 3–3.5 with 1 M HCl, and extracted five times using a 

dichloromethane/water partition. The aqueous phases were analyzed by 

HPLC, using a Waters chromatographer Alliance 2695, connected to an  

LKB 2142 Differential Refractometer detector (Bromma, Sweden). Data 

acquisition was accomplished using the Empower 2 software (Waters). 

Chromatographic separation was undertaken at 60 ºC using an Aminex  

HPX-87H column (300 x 7.8 mm) with 9 µm particle size (Bio-Rad, Hercules, 

California). Elution was carried out isocratically, at a flow rate of 0.5 mL·min-1, 

with 0.005 N of H2SO4, and the sample volume injected was 20 µL. Glycerol 

quantification was carried out using an external calibration curve within the 
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quantification limits of 0.1 – 1 mM. The samples were analyzed in triplicate in 

three independent experiments. 

 

Semi-quantitative analyses of crystalline cellulose by Dot-blot 

immunoassay. The cryogenically milled cutin samples (4 mg) were 

suspended in 1 mL of 3 M NaOH. The suspension was vortexed for 1 hour, 

sonicated twice for 1 min each using a microtip (Q-Sonica, USA) followed by 

24 hours under magnetic stirring. Standard crystalline cellulose  

(Avicel*PH-101, Sigma France) was used for the quantification of crystalline 

cellulose content in cutin samples. Dilution of both samples and standards 

were spotted in triplicate onto PVDF blotting membrane (Amersham Hybond 

P 0.45µ, GE Healthcare, France) with 2 µL volume per dot. For the calibration 

curve, standards were spotted in decreasing concentrations: 0.8, 0.6, 0.4, 0.2, 

0.1, 0.08, 0.06, 0.04, 0.02, 0.01 mg·mL-1. The membrane was immersed in a 

3% bovine serum albumin (BSA, Sigma, France) solution in Phosphate Buffer 

Saline (PBS = 137 mmol·L-1 NaCl, 2.7 mmol·L-1 KCl, 10 mmol·L-1 Na2HPO4, 

and 1.8 mmol·L-1 KH2PO4, pH 7.4) for 30 min and was washed three times 

with PBS-Tween (PBS with 0.05 % Tween 20). The membrane was immersed 

in 1/1300 diluted CMB3a recombinant protein44 in PBS-BSA-Tween (0.3 % 

BSA in PBS-Tween), followed by 120 min incubation and finally washed with 

PBS-tween as described above. The histidine tag of CMB3a was detected 

using an IgG anti-histidine mouse antibody (Sigma, France) diluted 1/2000 in 

PBS-BSA-Tween and revealed by a peroxidase assay (Sigma, France) with 

the chemiluminescent substrate (Western Bright™ Quantum 

chemiluminescence HRP substrate, ADVANSTA-K12042-D20, Menlo Park, 

USA), and a Fuji Las3000 (Fujifilm, France) camera for detection. Image 

analysis was conducted with ImageJ (imagej.nih.gov/ij/download.html). Each 

sample was analyzed in three independent assays; the obtained values 

reveal, semi-quantitatively, the abundance of crystalline cellulose in the 

different samples. 
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Quantitative analyses of total carbohydrate content. To evaluate the sugar 

moiety content of the plant polyesters purified using the ionic liquid-based 

processes, the samples were subjected to acid hydrolysis (1 M H2SO4 in 

methanol) for 4 h at 90 ºC. The hydrolysable sugars were recovered in the 

supernatant through centrifugation (18514 g, 4 °C, 20 min) and the pH was 

neutralized using 5 M NaOH in water. All samples were dried under a flux of 

nitrogen at room temperature. Quantification of carbohydrates in the dried 

hydrolysates was performed using the total carbohydrate assay kit from 

Sigma-Aldrich according to the manufacturer’s instructions. The samples were 

analyzed in triplicates in two independent experiments. 

 

Accession Numbers 

Sequence data from this article can be found in the GenBank/EMBL 

data libraries under accession numbers Solyc11g006250 (CUS1) and 

Solyc09g014350 (GPATt6). 
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ANNEX 
 

This annex contains the Supplementary Material published along the main 

body of the research paper which composes Chapter III. This intends to allow 

better and easier understanding of the methodologies and analyses 

performed. 

 

 

Supplementary Data 

The following supplementary materials are available. 
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Figure S1 – Schematics of the extraction process  

 

 

 

 

 

Figure S2 –The capacity of the cholinium hexanoate to mediate the hydrolysis of 

distinct ester-type bonds, up to 24h at 100 ºC with stirring, was analyzed by GC-MS. 

Standard compounds representative of five ester-types were used: a primary aliphatic 

ester (PAE, octyl octanoate), a secondary aliphatic ester (SAE, octan-4-yl octanoate), 

an aromatic ester (ArE, ethyl 4-hydroxy-3-methoxy-cinnamate), a carbohydrate ester 

(CarbE, sucrose monolaurate) and a glycerol ester (GlyE, glyceryl trioctanoate). PAE 

and GlyE kinetic curves were adapted from a dataset published before by us1. 
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Figure S3 - Representative GC-MS chromatograms of the model compound sucrose 

monolaurate after reaction with cholinium hexanoate at increasing time points. Over 

time the peak assigned to dodecanoic acid - hydrolysis product of sucrose 

monolaurate, increased. IS – internal standard (hexadecane); 1 – dodecanoic acid, 

methyl ester; 2 – dodecanoic acid, trimethylsilyl ester. 
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Figure S4 - The capacity of the cholinium hexanoate to mediate the hydrolysis of 

primary aliphatic esters bonds in a synthetic polymer, poly(1,4-butyl adipate), up to  

24 h at 100 ºC with stirring, was analyzed by NMR: a) 1H NMR in DMSO-d6 in different 

time points, b) representative of 1H-13C HMBC NMR after 24 h of reaction. The dashed 

circle marks the region of the spectrum where the signal assigned to the acid resulting 

from the hydrolysis would be noticed. 
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Table S1 – Elemental analysis of tomato cutin, pepper cutin, cork suberin and potato 

suberin. Relative percentage of Nitrogen (N), Carbon (C), Hydrogen (H) and Oxygen 

(O) in the different samples  

 

 

a) corresponding peak areas were outside the calibration curve, the suberin values 

may be subject to error yet shown since the monomer  

4-(2-aminoethyl)phenol contains N. Deviation from theoretical percentage (should be 

< 0.4 %); 

 

 

Table S2 – Total carbohydrate quantification of cutin and suberin samples. 

 

 

Sample Tomato Cutin Pepper Cutin Cork Suberin Potato suberin

E
le

m
e

n
ta

l 
A

n
a

ly
s

is Nitrogen (N)a (%) < 1 < 1 1.60 ± 0.08 2.33 ± 0.07

Carbon (C) (%) 63.98 ± 0.16 67.63 ± 0.02 64.07 ± 0.02 60.65 ± 0.11

Hydrogen (H) (%) 9.08 ± 0.12 9.79 ± 0.03 8.86 ± 0.06 8.54 ± 0.07

Oxygen (O) (%) 26.96 ± 0.27 22.60 ± 0.04 26.08 ± 0.04 28.50 ± 0.11

Samples ng (carbohydrate)/mg (plant polyester) carbohydrate content / % 

Tomato cutin 0.489 ± 0.127 4.89E-5 ± 1.27E-5 

Pepper cutin 0.124 ± 0.016 0.013 ± 0.002 

Cork suberin 0.21 ± 0.033 0.021 ± 0.003 

Potato suberin 1.16 ± 0.31 0.1 ± 0.06 

Micro-Tom wt 0.387 ± 0.072 0.039 ± 0.007 

Micro-Tom cus1 1.022 ± 0.496 0.102 ± 0.05 

Micro-Tom gpat6 0.541 ± 0.175 0.055 ± 0.03 
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Figure S5 – 2D-1H-1H COSY-NMR spectrum (COrrelated SpectroscopY) of tomato 

cutin extracted using cholinium hexanoate (2 h) in DMSO-d6 at 60 ºC. 

 

Figure S6 – 2D-1H-13C HSQC-NMR spectrum (Heteronuclear Single Quantum 

Coherence) of tomato cutin extracted using cholinium hexanoate (2 h) in DMSO-

d6 at 60 ºC. The red rectangles mark signals used for the integration of specific 

functional groups, all of which showed no overlap of resonances with other 

chemical groups as shown by the bi-dimensional NMR correlations done.  
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Figure S7 – 2D-1H-13C HMBC-NMR spectrum (Heteronuclear Multiple Bond 

Correlation) of tomato cutin extracted using cholinium hexanoate (2 h) in DMSO- d6 

at 60 ºC. 

 

 

 

Figure S8 – 2D-1H-1H COSY-NMR spectrum (COrrelated SpectroscopY) of pepper 

cutin isolated with cholinium hexanoate (2 h) in DMSO- d6 at 60 ºC. 
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Figure S9 – 2D-1H-13C HSQC-NMR spectrum (Heteronuclear Single Quantum 

Coherence) of pepper cutin isolated with cholinium hexanoate (2 h) in DMSO- d6 at 

60 ºC. The red rectangles mark signals used for the integration of specific functional 

groups, all of which showed no overlap of resonances with other chemical groups as 

shown by the bi-dimensional NMR correlations done. 

 

 

Figure S10 – 2D-1H-13C HMBC-NMR spectrum (Heteronuclear Multiple Bond 

Correlation) of pepper cutin isolated with cholinium hexanoate (2 h) in DMSO- d6 at 

60 ºC. 
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Figure S11 – 2D-1H-1H COSY-NMR spectrum (COrrelated SpectroscopY) of cork 

suberin in DMSO-d6 at 60 ºC. 

 

 

Figure S12 – 2D-1H-13C HSQC-NMR spectrum (Heteronuclear Single Quantum 

Coherence) of cork suberin in DMSO- d6 at 60 ºC. 
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Figure S13 – 2D-1H-13C HMBC-NMR spectrum (Heteronuclear Multiple Bond 

Correlation) of cork suberin isolated with cholinium hexanoate (2 h) in DMSO- d6 

at 60 ºC. 

 

 

Figure S14 – 2D-1H-1H COSY-NMR spectrum (COrrelated SpectroscopY) of potato 

suberin in DMSO-d6 at 60 ºC. 
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Figure S15 – 2D-1H-13C HSQC-NMR spectrum (Heteronuclear Single Quantum 

Coherence) of potato suberin in DMSO- d6 at 60 ºC. 

 

 

Figure S16 – 2D-1H-13C HMBC-NMR spectrum (Heteronuclear Multiple Bond 

Correlation) of potato suberin isolated with cholinium hexanoate (2 h) in DMSO- d6 at 

60 ºC. 
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Table S3 – Monomeric composition of cutin purified from tomato or pepper using 

cholinium hexanoate (2 h), identified by NMR. Chemical structures and 1H and 13C 

chemical shifts (ppm) of the cutin monomers. Signals not resolved in the NMR spectra 

due to overlapping signals or not yet assigned are not shown in this table. Most of the 

signals have been assigned before by us1. 

 

 

CHEMICAL STRUCTURE CHEMICAL SHIFTS (PPM) 

FATTY ACIDS (N= 1-2) 

 

1H NMR (800.33 MHz, DMSO-d6) δ 0.86 (m, 

3H, H-3), 1.25 (m, 2H, H-2), 2.02 (m, 2H, H-

1). 

13C NMR (201.42 MHz, DMSO-d6) δ 13.39 

(C-3), 28.34 (C-2), 34.67 (C-1). 

  

1H NMR (800.33 MHz, DMSO-d6) δ 0.86 (m, 

3H, H-5), 1.25 (m, 2H, H-2), 1.99 (m, 2H, H-

3), 2.02 (m, 2H, H-1), 5.34 (m, 2H, H-4). 

13C NMR (201.42 MHz, DMSO-d6) δ 13.39 

(C-5), 26.13 (C-3), 28.34 (C-2), 34.67 (C-1), 

129.07 (C-4). 

DICARBOXYLIC ACIDS 

 

1H NMR (800.33 MHz, DMSO-d6) δ 1.25 (m, 

2H, H-2), 2.02 (m, 2H, H-1). 

13C NMR (201.42 MHz, DMSO-d6) δ 28.34 

(C-2), 34.67 (C-1). 

 

 

1H NMR (800.33 MHz, DMSO-d6) δ 1.25 (m, 

2H, H-2), 1.30 (m, 2H, H-3), 2.02 (m, 2H, H-

1), 3.38 (m, 2H, H-4). 

13C NMR (201.42 MHz, DMSO-d6) δ 28.34 

(C-2), 34.67 (C-1), 36.64 (C-3), 74.31 (C-4). 

Ω-HYDROXYACIDS 

 

1H NMR (800.33 MHz, DMSO-d6) δ 1.25 (m, 

2H, H-2), 1.41 (m, 2H, H-3), 2.02 (m, 2H, H-

1), 3.41 (m, 2H, H-4). 

13C NMR (201.42 MHz, DMSO-d6) δ 28.34 

(C-2), 32.03 (C-3), 34.67 (C-1), 67.64 (C-4). 
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Table S4 – Monomeric composition of suberin extracted from cork or potato using 

cholinium hexanoate (2 h), identified by NMR. Chemical structures and 1H and 13C 

chemical shifts (ppm) of the cutin monomers. Signals not resolved in the NMR spectra 

due to overlapping signals or not yet assigned are not shown in this table. Most of the 

signals have been assigned before by us2. 

 

 

CHEMICAL STRUCTURE CHEMICAL SHIFTS (PPM) 

C18 MID-CHAIN MODIFIED 

Ω-HYDROXYACIDS 

 

1H NMR (800.33 MHz, DMSO-d6) δ 

1.24 (m, 2H, H-4), 1.41 (m, 2H, H-

5), 1.41 (m, 2H, H-8), 1.46 (m, 2H, 

H-3), 1.98 (m, 2H, H-6) 2.03 (m, 2H, 

H-2), 3.39 (m, 2H, H-9), 5.31 (m, 

2H, H-7) 

13C NMR (201.42 MHz, DMSO-d6) δ 

26.13 (C-3), 27.07 (C-6), 29.86 (C-

5), 29.35 (C-4), 32.95 (C-8), 36.40 

(C-2), 61.32 (C-9), 129.98 (C-7), 

172.20 (C-1) 

 

1H NMR (800.33 MHz, DMSO-d6) δ 

1.24 (m, 2H, H-4), 1.41 (m, 2H, H-

7), 1.43 (m, 2H, H-5), 1.46 (m, 2H, 

H-3), 2.03 (m, 2H, H-2), 2.80 (m, 

2H, H-6), 3.39 (m, 2H, H-8) 

13C NMR (201.42 MHz, DMSO-d6) δ 

26.13 (C-3), 29.35 (C-4), 27.83 (C-

5), 32.95 (C-7), 36.40 (C-2), 56.38 

(C-6), 61.32 (C-8), 172.20 (C-1) 

 

1H NMR (800.33 MHz, DMSO-d6) δ 

1.24 (m, 2H, H-4), 1.41 (m, 2H, H-

5), 1.46 (m, 2H, H-3), 2.03 (m, 2H, 

H-2), 3.39 (m, 2H, H-6) 

13C NMR (201.42 MHz, DMSO-d6) δ 

26.13 (C-3), 29.35 (C-4), 32.95 (C-

5), 36.40 (C-2), 61.32 (C-6), 172.20 

(C-1) 
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Figure S17 – Quantification of crystalline cellulose concentration with ImageJ software 

of cutin from tomato, pepper and Micro-tom (wild type and mutants) purified with 

cholinium hexanoate. The result was expressed in mg of crystalline cellulose per mg 

of cutin in sample (a). The error bars represent the standard deviations of three 

independent measurements. Standard calibration curve for quantitative detection of 

crystalline cellulose based on direct dot-blot immunoassay using Image J software 

(b). The error bars represent the standard deviations of three independent 

measurements. 

 

 

Figure S18 - SEM micrographs of cutin samples extracted from Micro-Tom tomatoes, 

wild type (a) and the mutants cus1 (b) and gpat6 (c), using cholinium hexanoate 

extraction for 2h. 
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Figure S19 – 2D-1H-1H COSY-NMR spectrum (COrrelated SpectroscopY) of Micro-

Tom cutin isolated with cholinium hexanoate (2 h) in DMSO-d6 at 60 ºC. 

 

Figure S20 – 2D-1H-13C HSQC-NMR spectrum (Heteronuclear Single Quantum 

Coherence) of Micro-Tom cutin isolated with cholinium hexanoate (2 h) in DMSO- 

d6 at 60 ºC. The red rectangles mark signals used for the integration of specific 

functional groups, all of which showed no overlap of resonances with other 

chemical groups as shown by the bi-dimensional NMR correlations done.  
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Figure S21 – 2D-1H-13C HMBC-NMR spectrum (Heteronuclear Multiple Bond 

Correlation) of Micro-Tom cutin isolated with cholinium hexanoate (2 h) in DMSO- 

d6 at 60 ºC. 

 

 

Figure S22 – 2D-1H-1H COSY-NMR spectrum (COrrelated SpectroscopY) of 

Micro-Tom cutin isolated with cholinium hexanoate (2 h) from the cus1 mutant in 

DMSO- d6 at 60 ºC. 
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Figure S23 – 2D-1H-13C HSQC-NMR spectrum (Heteronuclear Single Quantum 

Coherence) of Micro-Tom cutin isolated with cholinium hexanoate (2 h) from the cus1 

mutant in DMSO- d6 at 60 ºC. The red rectangles mark signals used for the integration 

of specific functional groups, all of which showed no overlap of resonances with other 

chemical groups as shown by the bi-dimensional NMR correlations done.  

 

Figure S24 – 2D-1H-13C HMBC-NMR spectrum (Heteronuclear Multiple Bond 

Correlation) of Micro-Tom cutin isolated with cholinium hexanoate (2 h) from the cus1 

mutant in DMSO- d6 at 60 ºC. 
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Figure S25 – 2D-1H-1H COSY-NMR spectrum (COrrelated SpectroscopY) of Micro-

Tom cutin isolated with cholinium hexanoate (2 h) from the gpat6 mutant in DMSO- 

d6 at 60 ºC. 

 

Figure S26 – 2D-1H-13C HSQC-NMR spectrum (Heteronuclear Single Quantum 

Coherence) of Micro-Tom cutin isolated with cholinium hexanoate (2 h) from the gpat6 

mutant in DMSO- d6 at 60 ºC. The red rectangles mark signals used for the integration 

of specific functional groups, all of which showed no overlap of resonances with other 

chemical groups as shown by the bi-dimensional NMR correlations done.  
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Figure S27 – 2D-1H-13C HMBC-NMR spectrum (Heteronuclear Multiple Bond 

Correlation) of Micro-Tom cutin isolated with cholinium hexanoate (2 h) from the gpat6 

mutant in DMSO-d6 at 60 ºC. 

 

Figure S28 - Wide-ranging NMR spectral characterisation of Micro-tom cutins: wild-

type (a), cus1 (b) and gpat6 (c) mutants; upon isolation with cholinium hexanoate (2 

h). The 1H NMR spectra of all samples (I); HSQC regions corresponding to aliphatics 

(II) and CH/CH2-X aliphatics (III). Some correlations (unlabelled) are uncertain or 

unidentified. 
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Outline: The following chapter presents a manuscript under preparation. This chapter 
introduces cutin oligomers as DAMPs able to induce hallmark immune responses in 
the model plant A. thaliana such as Ca2+ influx, MAPK activation, and transcriptional 
reprogramming with common and unique signatures.  
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Abstract 

The cuticle constitutes the outermost defensive barrier of most 

land plants. It comprises a polymeric matrix - the plant polyester cutin 

and associated organic solvent soluble waxes. This lipid shield 

constitutes the first line of defense against pathogen invasion, besides 

protecting the plant from many abiotic stresses. Data suggestive of the 

capacity of monomers derived from cutin to act as immune elicitors in 

plants have been produced during the last decades. However, how the 

plant perceives these eliciting monomers is not fully understood. 

Similarly, it has never been analyzed if cutin oligomeric structures, 

carrying distinct levels of esterification, can potentiate a comparable or 

superior elicitor effect. In this study, we explored the ability of cutin 

oligomers to act as DAMPs able to activate PTI in model plants. The 

collected data demonstrated that cutin oligomeric mixtures (COM) are 

able to induce Ca2+ influx and MAPK activation in the model plant 

Arabidopsis thaliana. Additionally, a unique transcriptional 

reprogramming profile could be detected after treatment of this plant 

with COMs. The initial chemical characterization of the mixtures tested 

allowed to confirm the oligomeric and lipidic nature of the elicitor, 

pointing to a low molecular weight molecule. 
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Introduction 

Plants started colonizing land environments approximately 450 million 

years ago1. This transition was accompanied by a series of challenges 

imposed by an extremely desiccating environment2. In order to control water 

loss, protect themselves against UV radiation, reinforce the epidermal cell 

layer, and protect against pathogens, plants developed a hydrophobic barrier 

– the cuticle3,4. The cuticle is composed by a polymeric matrix of the plant 

polyester cutin, to which organic solvent soluble lipids (waxes) associate5. 

Additionally, a direct interaction with polysaccharides that build up the 

epidermal cell walls, on which it is deposited, has been proposed for long6,7, 

but the true nature of this interaction remains uncertain.  

During infection of the aerial organs of plants, fungal spores release 

cutin-degrading enzymes, usually known as cutinases that present esterase 

activity8 and release cutin-derived molecules. These molecules are then 

perceived by the fungus as a signal to increase the production of cutinases 

leading to the formation of a breach9. The spore will then germinate, allowing 

the fungus to invade the plant organ through the opening of the cuticular 

barrier.  

To avoid pathogen invasion, plants have developed a highly 

specialized mechanism to sense and circumvent biotic threats by using cell 

surface pattern recognition receptors (PRRs)10. These receptors perceive two 

types of molecular signatures: pathogen-associated molecular patterns 

(PAMPs) and damage-associated molecular patterns (DAMPs), derived from 

the invading pathogens or released from plant tissues, respectively10.  

Cutin-derived molecules are regarded as DAMPs due to their ability to induce 

defense responses such as accumulation of reactive oxygen species (ROS) 

and upregulation of defense related genes11–13. Moreover, mixtures of 

monomers extracted from plants with higher levels of cuticular permeability, 

when exogenously applied, can confer enhanced resistance against major 

necrotrophs14. To date, several studies have demonstrated that cutin 

monomers are able to induce defense responses that include ROS 
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production, upregulation of defense related genes and production of 

antimicrobial compounds15. As such, cutin monomers are generally regarded 

as DAMPs; although common hallmark early immune responses, such as 

increase in intracellular calcium and activation of mitogen-activated protein 

kinases (MAPKs) were never observed for these molecules15,16 Nevertheless, 

evidence for the possibility of the induction of a calcium burst was observed 

after wounding of Arabidopsis thaliana plants, where calcium channel 

inhibitors impair ROS production17. During polyester degradation, it is 

expected that the first events of ester cleavage result in a mildly cleaved 

backbone, followed by the release of oligomers that will ultimately be broken 

down into monomeric units.  

Recently, our team was able to develop an ionic liquid-based 

methodology to recover cutin from tomato18. This approach allowed to recover 

a polyester demonstrating high preservation of its polymeric backbone19. To 

try to understand the role played by cutin-derived molecules released during 

early stages of pathogen infection, we employed a controlled chemical 

depolymerization reaction to generate an oligomeric mixture. This cutin 

oligomeric mixture (COM) showed the ability to induce changes in intracellular 

Ca2+ concentrations and MAPK activation in the model plant Arabidopsis 

thaliana Col-0. Moreover, a unique transcriptional reprogramming was 

triggered by our COM in these plants. With this study we propose that cutin 

derived oligomers act as DAMPs able to activate pattern-triggered immunity 

(PTI) in plants and that they are perceived by yet uncharacterized PRR(s).  

Moreover, chemical characterization through chromatographic or 

spectroscopic methodologies allowed to confirm that a certain degree of 

esterification is needed to allow the observed eliciting activity.  
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Results and discussion 

 

Eliciting potential of cutin and cutin oligomeric mixtures 

 

With the aim of understanding how degradation of cutin might influence 

hallmark early immune responses, we performed a screening on a set of cutin 

derived compounds. This library included cutin isolated from the peels of two 

types of tomato and pepper, commercially available model compounds and 

soups of monomers resulting from the total hydrolysis of all cutins. This library 

was complemented with suberin extracted from cork and the corresponding 

soup of monomers for comparison with a different plant polyester (Table S1). 

 The strategy was to test the eliciting potential of all compounds for two 

early immune responses – ROS burst and Ca2+ influx. To test in parallel if 

specificity was observed in the response, three model plants were used on 

the study – Solanum lycopersicum ‘Moneymaker’, Nicotiana benthamiana and 

Arabidopsis thaliana Col-0. ROS was tested via the activity of HRP, which acts 

on its substrate luminol in the presence of H2O2 to produce luminescence20. 

After testing all compounds, a clear ROS response could only be observed for 

cutin isolated from the pomace of tomato Compal (TC) and only in tomato 

plants (Figure 1A). All the remaining compounds were unable to induce any 

response different from the mock treatment (data not shown), including soups 

of monomers (Figure 1B). In A. thaliana, the DAMP Pep121 was used as 

positive control, confirming that plants were able to respond to elicitor 

treatment, just were not responding to cutin monomers treatment.  

For the calcium response, only Nicotiana benthamiana and 

Arabidopsis thaliana plants were tested, both expressing aequorin, a widely 

used calcium activated reporter of immune responses in plants22. In both A. 

thaliana and N. benthamiana, the only reproducible response observed was 

when cutin oligomeric mixtures (COMs) obtained through a controlled 

depolymerization reaction performed with sodium methoxide and methanol 

anhydrous (Figure S1) were tested.  
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Figure 1 – Main results obtained from the initial screening on cutin and cutin-derived 

molecules with potential to elicit plant immunity. Luminescence-based detection of 

apoplastic ROS: (A) in Solanum lycopersicum ‘Moneymaker’ plants upon treatment 

with 2 mg/mL of cutin extracted from tomato pomace from Compal (TC) in water, 

against the mock control; and (B) in Arabidopsis thaliana Col-0 plants upon treatment 

with 2 mg/mL of soup of monomers (SM) obtained from commercial tomato (T), 

tomato pomace from Compal (TC) and the miniature tomato cultivar Micro-Tom (MT), 

against the corresponding mock control. Luminescence-based detection of calcium 

influx: (C) in Nicotiana benthamiana and (D) Arabidopsis thaliana plants, both 

expressing the calcium reporter aequorin, upon treatment with 1 mg/mL of COM TC, 

800 µg/mL of COM T and 200 µg/mL of COM MT against the corresponding mock 

control. Western blot evaluation of MAPK activation in 14-day-old Arabidopsis thaliana 

Col-0 seedlings upon treatment with 3 mg/mL cutin from commercial tomato (Cut T) 

and from the miniature tomato cultivar Micro-Tom (Cut MT) or suberin from cork (Sub 

C) against the corresponding mock control. 



Chapter IV 

 

171 
 

These mixtures obtained from the cutin extracted from a commercial 

tomato (COM T), tomato pomace (COM TC) and the miniature cultivar  

Micro-Tom (COM MT) were all active (Figure 1C and 1D). To complete our 

screening, the potential of our library to activate MAP kinases was evaluated 

through western blot using an antibody that recognizes the phosphorylated – 

active – forms of MPKs, and thus enable observation of the activation of MPK 

3, 4, 6 and 11 during PTI signaling23. As seen in figure 1E, both polyesters – 

cutin and suberin – seem to induce MAPK activation, while the other 

compounds did not demonstrate the ability to activate MAP kinases compared 

to mock treatment (data not shown). 

The screening demonstrated that cutin is able to induce a ROS burst 

and activate MAP kinases in plants – which together with recently reported 

findings that ionic liquid isolated cutins present a low degree of ester 

cleavage18,19 – could be indicative of a response induced by early stages of 

cutin degradation by pathogens during infection. Moreover, the observation 

that oligomers derived from these cutins are able to induce a strong Ca2+ 

response seems to reinforce the idea that not only monomers but also 

oligomers released earlier during infection may act as elicitors of plant 

immunity. The eliciting activity demonstrated by both the polymer and 

oligomers derived from its hydrolysis in all plants tested, strongly suggests 

that the responses triggered are not specific and that the chemical nature of 

the eliciting molecules should be common and similarly recognized by all 

plants tested (Table S2). 

 

Cutin is able to induce a ROS burst in Arabidopsis thaliana Col-0 

 

In order to confirm the initial results obtained in the screening, we 

decided to focus on the activity of the polymer cutin, the oligomeric mixtures 

obtained through its controlled methanolysis, and the soups of monomers 

resulting from its complete hydrolysis. Additionally, a monomer described in 

literature to have eliciting effect, namely in the activation of ROS production, 
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hydroxy palmitic acid (HPA)12,13 was also tested. Arabidopsis thaliana was 

chosen as the model plant, because both Ca2+ and MAPK responses had 

been observed during the screening and due to the higher amount of genetic 

material available for further characterizations. 

Cutin showed the ability to induce a strong ROS burst compared to the 

mock treatment. The effect was not only reproducible, as it was also extended 

in time and the response was not depleted even after 45 min after the 

treatment (Figure 2A and 2B). When cutin oligomeric mixtures were tested 

this response was not observed. To try to understand if some chemical 

interference with the reporter of luminescence was happening a co-treatment 

with a strong inducer of immunity, flg2224, was performed. Flg22 treatment 

induced a strong ROS burst as expected; nevertheless, when plants were  

co-treated with flg22 and COM the signal were almost completely abolished 

to levels similar to mock treatment, while COM treatment itself remained with 

a signal much lower than the mock control (Figure 2C and 2D). These 

observations strongly suggest that some chemical reaction might be 

occurring, hindering the activity of the HRP enzyme and/or the luminol, not 

allowing to detect any luminescence signal.  

 In agreement with these results, a ROS burst was not observed after 

treatment with either a soup of monomers or the HPA cutin monomer (Figure 

S2A and S2B). Together, these results suggest that the experimental difficulty 

with measuring ROS with HRP/luminol is indeed based on the chemical nature 

of cutin oligomer/monomers themselves. Future efforts should focus on 

finding a new experimental approach, to confirm if both COMs and monomers 

might induce a ROS burst under the conditions tested. Despite these 

limitations, cutin polymer cleavage products have the potential to induce a 

ROS burst as demonstrated by the effect of cutin, which is representative of a 

polymer with low degree of cleavage mimicking the result of a very mild 

hydrolysis (less than 5 % ester cleavage), as previously demonstrated19. 
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Figure 2 – Luminescence-based detection of apoplastic ROS: in Arabidopsis thaliana 

Col-0 seedlings upon treatment with 1 mg/mL of cutin isolated from tomato pomace 

against the corresponding mock control (A – B); and upon co-treatment with 2 mg/mL 

COM and 100 nM flg22 against individual treatments with COM and flg22 at the same 

concentrations and the corresponding mock control (C – D).  

 

Cutin oligomeric mixtures induce calcium influx in Arabidopsis thaliana 

 

 To confirm the results obtained in the screening, the cutin oligomeric 

mixture (COM) ability to induce calcium influx was tested in Arabidopsis 

thaliana seedlings expressing aequorin. Results show a clear and 

reproducible induction of this immune output (Figure 3A and 3B). To 

understand how cutin would behave in terms of calcium response activation 

we also tested the cutin polyester from which the oligomeric mixture was 

obtained. Interestingly, it was possible to observe that cutin is not only able to 

induce this hallmark immune output, but also that it induces a different pattern 

of response (Figure 3C). Indeed, at different time points two maximum 

response peaks at 3 and 12 min respectively were observed. This result 

suggests that more than one eliciting molecule might be present in cutin, 
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inducing responses with different timings. Moreover, the fact that COM 

induces a calcium response that has its maximum usually between 3 and  

5 min, might also indicate that the type of hydrolysis used to obtain this 

oligomeric mixture is favoring the occurrence of one type of these potential 

elicitor molecules. During infection, several pathogens secrete enzymes able 

to perform ester cleavage on this polymer15. This degradation will be 

continuous until monomers are released, and a breach is open to allow 

pathogen invasion of the host. To try to mimic this scenario, we recovered the 

non-hydrolyzed fraction resulting from the reaction that gave rise to our COM 

and re-hydrolyzed it using the same conditions, obtaining a second oligomeric 

mixture (COM II) that was also tested for calcium influx induction. Not only this 

mixture was able to induce calcium influx, but also it did so with higher 

intensity. COM II induced a response with more than two-fold the intensity of 

the response elicited by COM (Figure 3D) at the same overall mixture 

concentration.  

 To complement the study, both the soup of monomers resulting from 

the total depolymerization of cutin and the HPA monomer were tested. In both 

cases, we could not observe any response consistent with activation of this 

hallmark output, even testing increasing concentrations (Figure S3). Overall, 

the data point out that mild cleavage of the esters and release of oligomeric 

components are able to induce calcium influx in Arabidopsis thaliana, but 

extensive cleavage reduces the ability to induce this hallmark response in the 

conditions tested. 
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Figure 3 – Luminescence-based detection of calcium influx in Arabidopsis thaliana 

seedlings expressing the calcium reporter aequorin, upon treatment with 2 mg/mL of 

COM (A) and corresponding plot of the total photon counts for the six biological 

replicates tested (B), 1 mg/mL of cutin (C) and 2 mg/mL of COM II against the 

corresponding mock control.  

 

Cutin oligomeric mixtures (COM) induce MAPK activation  

 

To test whether oligomers derived from cutin degradation are able to 

induce later signaling events occurring downstream to their perception by the 

plant, the ability to induce MAP kinases was evaluated through western 

blotting. Apart from the wild type plants, the double mutant bak1-5 bkk1 

belonging to the Somatic Embryogenesis Receptor Kinase (SERK) family of 

common PRR coreceptors25, the single mutant cerk1-2 from the Chitin Elicitor 

Receptor Kinase 1 (CERK1), another major coreceptor of PRRs25, and the 

triple mutant bak1-5 bbk1 cerk1 (bbc) were tested. SERKs commonly interact 

with leucine-rich repeat-type PRRs, while CERK interacts with  

LysM-motif-type PRRs26. Thus, differences in response in these co-receptor 

mutants would provide a hint as to the family of PRR(s) that recognize active 
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COMs. The goal was to test if the inactivation of common PRR co-receptors 

could give us an initial insight on the potential perception mechanism of  

cutin-derived oligomeric elicitors.  

After 10 min of treatment, COM was able to induce a clear activation 

of MAP kinases in wild-type plants and all the mutants tested (Figure 4). 

Moreover, treatment with COM II and cutin also showed that these 

compounds are also able to activate MAP kinases (Figure S4). These results 

point to the ability of mildly cleaved cutin, and oligomers derived from its 

depolymerization, to trigger signaling cascades that may lead to 

transcriptional reprogramming of the plant to cope with the attack. Moreover, 

all the tested co-receptor mutants were responsive to the treatments. This 

result suggests that the mechanism by which such molecules are perceived 

is not dependent on the families of PRRs known to associate with these  

co-receptors nor on already described PRRs that form complexes with them. 

 

 

Figure 4 – Western blot evaluation of MAPK activation in 14-day-old Arabidopsis 

thaliana seedlings from wild type Col-0 and the bak1-5 bkk1 and bbc mutants, upon 

treatment with 3 mg/mL of COM against the corresponding mock control. 
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COM treatment triggers a unique transcriptional reprogramming in 

Arabidopsis thaliana 

 

Inspired by our results we decided to explore the ability of the COM to 

trigger transcriptional reprogramming in Arabidopsis thaliana. Seedlings were 

treated with COM or the mock control for 30 min, and the transcriptional 

response of the plant to COM compared to the mock treatment was evaluated 

by RNA-seq. 

First, a principal components analysis (PCA) clearly demonstrated that 

both treatments have distinct transcriptomic profiles clearly separating from 

each other (Figure S5).  

 A total of 528 differentially expressed genes (DEGs) resulted from the 

COM treatment, of which 479 genes were upregulated, while only 49 were 

downregulated compared to the mock treatment (Figure S6).  

Enriched gene ontology (GO) categories were only obtained for the 

subset of upregulated genes due to the small size of the downregulated 

subset. This analysis clearly showed enrichment for terms related to activation 

of plant immunity, particularly ‘response to wounding’ and ‘response to other 

organism’ (Figure S7). 

 Together with the previous observation of calcium influx and MAPK 

activation, these results strongly suggest that cutin-derived oligomeric 

mixtures may act as elicitors of plant immunity being perceived as DAMPs.  

 To deepen the analysis, a comparison between the transcriptional 

reprogramming induced by COM treatment and that of seven other elicitors, 

published by Bjornson et al. (2021) was performed. The comparison revealed 

that COM treatment presents similarity with the effect of other elicitors, sharing 

140 induced genes, further confirming its potential as elicitor of plant immunity. 

Moreover, a high degree of uniqueness in the transcriptional reprogramming 

generated could be observed due to the large fraction of genes uniquely 

induced by COM compared to all the other tested elicitors (Figure 5). In fact, 

such level of specificity in transcriptional reprogramming was previously only 
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observed for flg2227 (Figure 5), despite the lower number of genes induced by 

COM treatment. 

 

Figure 5 – Comparison of genes induced by treatment of COM with those induced by 

seven other elicitors of plant immunity. The total number of induced genes (IGs) for 

each elicitor (over all time points in Bjornson, et al 2021) is presented and the number 

of genes induced by all treatments or solely by COM are highlighted.  

 

 A correlation between COM treatment and the other seven elicitor 

treatment also depicted low correlation, further reinforcing that the kind of 

response that is being triggered by COM is clearly distinct from the type of 

physiological defense responses triggered by the other elicitors (Figure S8). 

To further evaluate the uniqueness on the effect triggered by COM 

treatment, a direct comparison with the effect of seven different types of abiotic 

stresses was performed. Results highlight that 32 genes were induced solely 

by COM and not by any of the other elicitors and abiotic stresses studied 

(Table 1). This set of genes could be regarded as the eliciting signature of the 

COM and constitutes strong evidence, supporting its role as elicitor of PTI. 

The remaining genes that were unique against all the other seven elicitors but 
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showed to also be induced by certain abiotic stresses are presented in Table 

S3. 

 

Table 1 – List of genes uniquely induced by the COM treatment after comparison with 

seven different elicitors of plant immunity and seven different types of abiotic stress 

conditions. Genes for which there was no attributed name on the TAIR database were 

labelled as NA. 

 

NMR-based characterization of COMs confirms their oligomeric nature  

 

Polysaccharides are commonly found as contaminants in cutins 

isolated using ionic liquids; nevertheless, the amounts at which they are 

present are residual19. Nonetheless, many molecules derived from cell wall 

polysaccharides acting as immune elicitors were identified in the last years, 

like oligogalacturonides (OGs)28, cellobiose29, arabinoxylan 

oligosaccharides30 and mixed-linked β-1,3/1,4-glucans (MLGs)31. To further 

confirm that the true nature of the elicitor molecules is lipidic, we decided to 

Gene Log2 FC padj ASI Name Short Description 

AT3G19700 4.752 9.67E-03 0 IKU2 Leucine rich repeat (LRR) kinase 

AT1G27080 3.582 2.03E-02 0 AtNPF2.12 Protein with low-affinity nitrate transporter activity 

AT5G07880 3.419 6.19E-10 0 ATSNAP29 Member of mammalian SNAP25 Gene Family 

AT3G46070 3.407 1.37E-04 0 NA C2H2-type zinc finger family protein 

AT3G56980 2.815 6.64E-05 0 BHLH039 Basic helix-loop-helix transcription factor protein 

AT1G64940 2.637 2.91E-03 0 CYP89A6 Member of the CYP89A family 

AT4G36040 2.290 1.14E-37 0 DJC23 Chaperone DnaJ-domain superfamily protein 

AT5G22890 1.967 7.40E-19 0 STOP2 Sensitive to proton rhizotoxicity 2. 

AT5G42600 1.940 3.45E-02 0 MRN1 Oxidosqualene synthase that produces monocyclic triterpenes  

AT3G04530 1.651 5.10E-04 0 ATPPCK2 Arabidopsis phosphoenolpyruvate carboxylase kinase  

AT3G21260 1.646 2.60E-06 0 GLTP3 Glycolipid transfer protein (GLTP) family protein 

AT3G21270 1.560 5.18E-15 0 ADOF2 Dof zinc finger protein 

AT5G54630 1.534 3.48E-09 0 NA Zinc finger protein-like protein 

AT4G19865 1.474 1.34E-04 0 NA Galactose oxidase/kelch repeat superfamily protein 

AT5G66690 1.434 2.82E-09 0 UGT72E2 UDPG:coniferyl alcohol glucosyltransferase  

AT5G51500 1.397 3.88E-02 0 NA Plant invertase/pectin methylesterase inhibitor superfamily 

AT2G36090 1.394 6.92E-04 0 NA F-box family protein 

AT1G66800 1.385 2.90E-02 0 NA NAD(P)-binding Rossmann-fold superfamily protein 

AT1G28470 1.382 5.47E-04 0 ANAC010 NAC domain containing protein 10 

AT1G35260 1.355 3.01E-11 0 MLP165 MLP-like protein 165 

AT2G28690 1.257 6.11E-06 0 NA TOX high mobility group box protein 

AT1G64780 1.225 1.78E-02 0 AMT1 Ammonium transporter protein  

AT3G25290 1.194 1.29E-05 0 NA Auxin-responsive family protein 

AT3G09270 1.090 1.38E-04 0 ATGSTU8 Glutathione transferase belonging to the tau class of GSTs.  

AT5G03670 1.082 5.70E-04 0 TRM28 Histone-lysine N-methyltransferase SETD1B-like protein 

AT3G18400 1.071 3.32E-03 0 ANAC058 NAC domain containing protein 58 

AT5G03240 1.063 4.55E-04 0 UBQ3 Ubiquitin that is attached to proteins destined for degradation 

AT1G05530 1.055 3.40E-02 0 UGT2 Protein with glucosyltransferase activity 

AT3G52360 1.027 1.80E-04 0 NA Transmembrane protein 

AT3G14680 1.008 7.13E-03 0 CYP72A14 Putative cytochrome P450 

AT3G61410 1.008 3.84E-02 0 NA U-box kinase family protein 

AT1G68795 1.005 1.07E-02 0 CLE12 Putative ligand homologous to the Clavata3 gene 
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measure the total amount of polysaccharides present in our oligomeric 

mixtures COM and COM II (Table 2). Results clearly show that, although 

present, polysaccharides exist in residual amounts in our samples, at the level 

of picograms per mg of either COM, which is below the µg-mg/mL usually 

used to test such elicitor compounds29. This clearly confirms the lipidic nature 

of our mixtures and that the eliciting effect should come from cutin derived 

molecules. 

 

Table 2 – Quantification of the total carbohydrate content in cutin oligomeric mixtures 

(COMs). 

 

To further confirm that oligomers are present in our mixtures,  

NMR-based characterizations of both COMs and cutin from which they were 

derived was performed (Figure 6). The analysis of the HSQC spectra for cutin  

and both cutin oligomeric mixtures obtained from its methanolysis showed the 

presence of all the signals previously assigned in recent studies published by 

our group18,19. 

From the analysis of the magnifications of the HSQC spectra, new 

signals were detected in tomato pomace cutin that were not previously 

detected in tomato peels cutin. These signals confirm the presence of 

acylglycerol esters in two signals assigned to different glycerol configurations, 

the first with a 13C shift of 69.34 ppm and 1H shift of 5.18 ppm corresponding 

to the 1, 2, 3-TAG-CH2 configuration and the second with a 13C shift of  

62.26 ppm and 1H shifts of 4.13 ppm and 4.26 ppm, corresponding to the  

1, 2, 3-TAG-CH1,3 configuration. This signal is not detected in any spectra of 

COM and COM II, thus indicating that it should not have a particular effect in 

the eliciting activity observed for both cutin oligomeric mixtures. However, one 

cannot discard the hypothesis that they may be associated to the occurrence 

Samples pg (carbohydrate)/mg (oligomeric mixture) carbohydrate content (%)

COM 41.05  7.25 4.11x10-7  7.25x10-8

COM II 43.83  25.05 4.38x10-7  2.51x10-7
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of the second peak observed in calcium response induced by cutin. The 

analysis of the HSQC spectra of the two oligomeric mixtures also shows the 

presence of signals that were not previously assigned to cutin in past studies. 

In both COMs, we could observe a signal with a 13C shift of 50.83 ppm and 

1H shift of 3.56 ppm corresponding to methyl esters that are formed as result 

of the action of methanol during the partial depolymerization methanolysis 

reaction32. Although present in both cutin oligomeric mixtures, the fact that 

they are absent in cutin, which also shows eliciting activity, reduces the 

possibility that these molecules are responsible for the observed activation of 

plant immunity. Specific signals could be observed in the NMR spectrum of 

each mixture, namely that of propyl esters (13C shift of 63.73 ppm and 1H shift 

of 4.09 ppm) and that of ethyl esters (13C shift of 59.31 ppm and a 1H shift of 

4.03 ppm), present in COM and COM II spectra, respectively.  The reaction 

that might have led to these esters is still uncertain; nevertheless, the fact that 

they do not occur in both mixtures and that both have an eliciting effect also 

makes difficult to correlate these esters with the observed eliciting activity. The 

analysis of the HSQC spectra for all three samples clearly shows a strong 

presence of oligomers in our COMs, confirmed by the detection of the signals 

assigned to primary aliphatic esters (PAE) and secondary aliphatic esters 

(SAE) in both cutin and COMs obtained from its partial depolymerization. 

Additionally, to infer the degree of esterification of each sample, we 

estimated, through the integration of the corresponding NMR signals, detected 

in the 1H spectra (Figure S9) the relative abundances of all the esters present.  

This was possible due to the use of an internal standard, further allowing to 

clearly discriminate the contributions of primary and secondary aliphatic esters 

in all samples (Table 3). 
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Figure 6 – NMR characterization of cutin and cutin oligomeric mixtures obtained from 

its methanolysis. Magnification of the HSQC spectral regions corresponding to 

aliphatics (A, C and E) and CH/CH2-X aliphatics (B, D and F) for each sample. Some 

correlations (unlabeled) are uncertain or unidentified. 

 

Table 3 – Chemical characterization of cutin and cutin oligomeric mixtures. NMR 

quantification of the relative abundances of all esters present in cutin calculated 

through the integration of signals in the corresponding 1H NMR spectra. Ester types 

detected on this analysis include TAG (Triacylglycerol esters), PAE (Primary aliphatic 

esters), SAE (Secondary aliphatic esters), ME (Methyl esters), PE (Propyl esters) and 

EE (Ethyl esters). Esters that were not detected on a sample are labelled as n.d. 

 

Overall, our data confirmed the oligomeric nature of the active COMs, 

further revealing novel aspects of their composition that may aid future efforts 

to unveil the chemical identity of the active molecules present in such 

mixtures. 
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Ester 
 

Sample 

 
TAG (%) 

 
PAE (%) 

 
SAE (%) 

 
ME (%) 

 
PE (%) 

 
EE (%) 

CUTIN 51.4 25.1 23.5 n.d. n.d. n.d. 

COM n.d. 28.5 32.7 28.4 10.5 n.d. 

COM II n.d. 20.5 11.1 17.6 n.d. 50.8 
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Chromatographic characterization of both COMs points to selection of specific 

chemical groups that may explain their immune elicitor activity  

 

 Trying to reach the chemical identity of the active molecules within our 

oligomeric mixtures, we started by performing thin layer chromatography 

(TLC) of our cutin oligomeric mixtures. After the initial elution of each sample, 

two different staining solutions were used to try to understand which 

compounds were separating in the plate. The corresponding retardation factor 

(rf) was calculated for each fraction separating in the TLC plate (Table S4).  

As expected, the cutin sample did not elute in the used solution, due to its 

insoluble nature. This result suggests that no free molecules, soluble in the 

eluent, were retained in cutin. The comparison between both COMs clearly 

showed, after staining with both solutions, that the complexity of the mixture 

seems to reduce from the first methanolysis to the second. This observation 

suggests that the first depolymerization reaction “cleans” cutin from several 

non-active molecules, generating a mixture most likely with reduced amount 

of the active ones. This could explain why COM II seems to have more activity 

in calcium influx induction. Nevertheless, to address this, future efforts will 

need to focus on subsequent depolymerization reactions of the recalcitrant 

fraction, further mimicking the degradation imposed by pathogens during 

infection. An intriguing observation was that UV exposure that usually is used 

to detect the presence of aromatic compounds, revealed very intense bands, 

which is indicative of their association with other compounds present in the 

mixture, raising the possibility of their relevance for the eliciting activity of the 

oligomeric mixtures. 

 The GC-MS based analysis of the hydrolysable monomeric 

constituents of each sample (chromatograms presented in Figure S10) shows 

that COM mostly consist of the major cutin monomer  

10, 16-dihydroxyhexadecanoic acid (~ 40 %) with an enrichment for alkanoic 

and α, ω-Alkanedioic acids in terms of relative abundance compared to the 

cutin (Table 4). COM II monomeric composition is of lower complexity than 
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that of COM and the relative abundance of 10, 16-dihydroxyhexadecanoic 

acid increase more than twofold. These results   suggest that this monomer is 

most likely one of the constituents of the active molecule. Although still 

inconclusive, the monomeric composition of each cutin oligomeric mixture will 

help to guide the discovery of the chemical identity of the elicitor present in 

these mixtures. 

 

Table 4 – GC-MS characterization of cutin and cutin oligomeric mixtures. List of the 

monomeric hydrolysable constituents of each sample after total depolymerization and 

derivatization. Monomers that were not detected in a specific sample are labelled as 

n.d.  

 

 

 

 

 

 

 

 

 Relative percentage (%) 

Compound Cutin COM COM II 

Alkanoic acids 14.73 ± 0.79 40.21 ± 1.13 3.74 ± 1.09 

tetradecanoic acid n.d. 0.45 ± 0.22 n.d. 

hexadecanoic acid 3.22 ± 0.74 7.34 ± 0.16 1.14 ± 0.32 

9,12-octadecadienoic acid 5.68 ± 0.35 18.44 ± 0.59 1.36 ± 0.40 

9-octadecenoic acid 4.35 ± 0.23 9.13 ± 0.36 1.24 ± 0.37 

octadecanoic acid 1.48 ± 0.14 3.16 ± 0.17 n.d. 

ω-Hydroxyalkanoic acids 84.61 ± 0.36 45.96 ± 0.84 94.75 ± 1.12 

16-hydroxyhexadecanoic acid 1.49 ± 0.47 2.99 ± 0.07 1.46 ± 0.49 

10,16-Dihydroxyhexadecanoic acid 83.25 ± 1.01 39.91 ± 0.77 92.40 ± 0.98 

9,10-epoxy-18-hydroxyoctadecanoic 
acid 

n.d. 1.11 ± 0.15 1.18 ± 0.42 

α, ω-Alkanedioic acids 1.03 ± 0.46 13.83 ± 0.55 1.51 ± 0.29 

octanedioic acid n.d. 1.15 ± 0.06 n.d. 

nonanedioic acid 0.71 ± 0.44 7.15 ± 0.32 1.08 ± 0.31 

hexadecanedioic acid 0.63 ± 0.25 4.94 ± 0.20 0.57 ± 0.20 

Identification yield (%) 61.19 ± 10.28 49.68 ± 7.32 68.29 ± 12.13 

Recalcitrance (%) 26.33 ± 1.53 8.75 ± 3.46 6.00 ± 1.82     
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Conclusions  

The cuticle is the plant’s outermost defensive barrier being the first 

shield counteracting the invasion by several pathogens. Some of these 

pathogens are able to secrete enzymes that degrade the polymeric matrix of 

the cuticle – cutin. This makes of extreme relevance the study on how the 

degradation of this plant polyester influences activation of plant immune 

defenses. Past efforts mostly focused on the action of monomers that are 

released after extensive depolymerization of cutin, in stages of infection closer 

to the opening of a breach and subsequent pathogen invasion of the tissues15. 

Our goal was to study if during the initial stages of degradation, oligomeric 

signals are released that might also activate plant immunity. To guide 

discovery, we established an ex-situ approach using ionic liquid extracted 

cutins, that show high preservation of its polymeric backbone as our matrix. 

The controlled depolymerization by methanolysis allowed obtaining cutin 

oligomeric fractions to be tested as potential elicitors of immunity. These 

fractions induced calcium influx, MAP kinase activation and transcriptional 

reprograming in the model plant Arabidopsis thaliana. Moreover, the 

alterations in the transcriptome show a degree of uniqueness that allows to 

select some marker genes to be tested in future studies. The fact that we are 

working with a mixture and not a pure compound makes our findings even 

more relevant, since one or more oligomeric molecules might be responsible 

by the observed activity, but their relative amount in the mixture might be low. 

This could also explain why we observed a much lower number of genes 

induced by this treatment compared to other described elicitors of immunity; 

nevertheless, future efforts will focus on achieving the pure elicitor molecules 

to study their full potential as activators of immunity in plants. The initial 

chemical characterization allowed to confirm the oligomeric nature of the 

active molecules, which is in line with all the other tests performed on this 

study, where activity of monomers was never observed. Future efforts will 

focus on identifying the active molecules through MS-based methodologies. 

The purification of the active molecules might allow to overcome technical 
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limitations that hinder, for instance, the ability to test if apoplastic ROS might 

be another immune output of COM treatment. Future work should also focus 

on the identification of the PRR(s) involved in COM perception. 

 

Materials and Methods 

 

Plant Material and Growth Conditions. Tomato pomace was obtained by 

Sumol + Compal, SA., and dried at 60 °C for one week until constant weight. 

Dry pomace was then milled using a Retsch ZM200 electric grinder 

(granulometry 0.5 mm; 10000 rpm) and stored at room temperature until 

further use. 

For the initial screening tests (ROS burst and Ca2+ influx), adult plants 

(4-week-old) of Arabidopsis thaliana Col-0, Solanum lycopersicum 

'Moneymaker' and Nicotiana benthamiana were used.  

Arabidopsis thaliana Col-0 seeds were germinated on soil and plants 

were grown on an Aralab Fitoclima climate chamber with 150 μmol·s-1·m-2 light 

intensity, following a 10 h/14 h day/night cycle, under constant temperature of 

20 °C and 60 % humidity. Plants were watered automatically for 10 min three 

times per week. Solanum lycopersicum ‘Moneymaker’ seeds were germinated 

on soil and plants were grown on a Conviron climate chamber with  

120 μmol·s-1·m-2 light intensity, following a 12 h/12 h day/night cycle, under 

temperatures of 21 ºC during the day and 19 ºC at night and constant humidity 

of 60 %. Plants were watered manually three times per week. Nicotiana 

benthamiana plants seeds were germinated on soil and plants grown on a 

greenhouse room with 150 μmol·s-1·m-2 light intensity, following 16 h/8 h 

day/night cycle, under constant temperature of 24 ºC. These plants were 

watered automatically daily for 20 min. 

For the experiments aiming to evaluate the eliciting effect of cutin 

oligomeric mixtures, seedlings of Arabidopsis thaliana Col-0 and the mutants 

bak1-5 bkk1, cerk1-2AEQ and bbc 33–35, all in the Col-0 background, were used. 

Seeds were germinated on plates with 0.5 x Murashige and Skoog (MS) basal 
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salt mixture supplemented with 1 % (w/v) sucrose and 0.9 % (w/v) phytoagar. 

After four days, seedlings were transferred to 24-well sterile culture plates 

containing liquid 0.5x MS supplemented with 1 % (w/v) sucrose and allowed 

to grow until 8-day-old (Ca2+), 11-day-old (ROS) and 14-day.old (MAPK and 

RNA-seq). These seedlings were grown in sterile conditions in a Aralab 

Fitoclima climate chamber with 120 μmol·s-1·m-2 light intensity, following a  

16 h/8 h day/night cycle, under temperatures of 20 ºC during the day and  

18 ºC at night. 

 

Cutin Extraction. Cutin was extracted from tomato pomace as previously 

described for cutin peels18. In brief, tomato pomace and cholinium hexanoate 

were mixed (1:10) and incubated for 2 h at 100 °C. The reaction was stopped 

by the addition of 80 mL of DMSO per gram of tomato pomace. The polyester 

was recovered by filtration using a nylon membrane filter (0.45 µm). 

Purification was obtained by washing with an excess of deionized water to 

remove all traces of DMSO. Purified cutins were then freeze dried and stored 

at room temperature for further use. 

 

Cutin Hydrolysis. To obtain a cutin oligomeric mixture (COM), a sodium 

methoxide-catalyzed methanolysis was performed. The controlled hydrolysis 

was achieved by mixing 20 mL of anhydrous methanol with 0.1 M sodium 

methoxide. This mixture was added to 0.5 g of cutin and further incubated at 

40 ºC for 2 h without stirring. The resulting mixture was then cooled to room 

temperature and centrifuged (4 ºC, 30 min, 4000 g) to recover the non-

hydrolyzed cutin fraction. The supernatant (hydrolyzed fraction) was acidified 

to pH 3–3.5 by addition of HCl 37 % and subsequently centrifuged (4 °C,  

30 min, 4000 g). The resulting precipitate was recovered, and the supernatant 

extracted three times by dichloromethane/water partition to release the 

hydrolysates; and sodium sulphate anhydrous was added to remove water. 

The solution was concentrated under a constant nitrogen flux at 40 ºC.  
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 To obtain a soup of monomers (SM), a sodium hydroxide alkaline 

hydrolysis was performed. The extensive hydrolysis was achieved by mixing 

a solution of 0.5 M NaOH in methanol/water (1:1, v/v) at 95 ºC with the cutin 

powder, for 4 h; subsequently cooled to room temperature and acidified to  

pH 3/3.5 with 1 M HCl, then extracted by dichloromethane/water partition to 

release the hydrolysable constituents. The solution was concentrated under a 

constant nitrogen flux at 40 ºC. 

 

Immune assays. ROS burst and Ca2+ influx – To test elicitor-induced 

oxidative burst, either leaf discs collected using a 4 mm biopsy punch or 

seedlings were transferred to white 96-well plates (one leaf disc or seedling 

per well) and equilibrated overnight in sterile ultrapure water (ROS) or 

coelenterazine solution (Ca2+) . In the following day, the equilibration solution 

was removed and replaced with a solution containing 100 µg/mL - 2 mg/mL of 

COM, COM II, HPA or SM in 0.5 % (v/v) DMSO in MiliQ water; cutin in MiliQ 

water; or 100 nM (flg22 and Pep1) in MiliQ water, each mixed with 1 mM 

luminol, and 10 µg/mL HRP. 

Luminescence was detected and measured for 30 - 45 min using a 

Photek system equipped with a photon counting camera (leaf discs) or a 

Tecan Spark microplate reader (seedlings). 

 

MAPK activation – For MAPK activation assays 14-day-old seedlings were 

used. The growth media was removed by inverting the plate on clean paper 

towels. Seedlings were then treated for 10 min with 1 mL of 3 mg/mL of COM 

and COM II in 0.5 % DMSO in MiliQ water, 2 mg/mL cutin or suberin in MiliQ 

water, 100 nM flg22 and corresponding mock solutions. Two seedlings per 

treatment were dried on clean paper towels, subsequently transferred to  

1.5 mL tubes and instantly frozen in liquid nitrogen. All treated seedlings were 

stored at -80 °C until further use.  

Frozen seedlings were then pulverized using a nitrogen-cooled plastic 

micropestle. To the pulverized tissue, 150 µL of extraction buffer containing 
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50 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM EDTA, 10 %(v/v) glycerol,  

2 mM DTT, 1 %(v/v) Igepal, and supplemented with protease and 

phosphatase inhibitors (equivalent to Sigma-Aldrich plant protease inhibitor 

cocktail and phosphatase inhibitor cocktails #2 and #3) was added.  The tissue 

was then ground at 1800 rpm using an automatic stirrer fitted with a plastic 

micropestle. The tubes were centrifuged at 15,000 g for 20 min at 4 °C in a 

refrigerated microcentrifuge. After centrifugation, 50 μL of extract were 

transferred to a fresh 1.5 mL eppendorf tube. Samples were prepared for 

SDS-PAGE by heating at 80 °C for 10 min in the presence of 6x SDS loading 

buffer and 100 mM DTT. 

Proteins were loaded to a 12 % (v/v) polyacrylamide gels, separated 

at 120 V for ≅ 120 min and subsequently transferred to a PVDF membrane at 

100 V for 90 min at 4 °C. Membranes were then blocked for 2 h at room 

temperature or overnight at 4 °C in 5 %(w/v) milk in Tris buffered saline  

(50 mM Tris-HCl pH 7.4, 150 mM NaCl; TBS) containing 0.1 %(v/v)  

Tween-20 (TBS-T). Blots were probed in a 1:4000 dilution of the  

NEB anti-p42/p44-erk primary antibody in 5 % BSA in TBS-T for 2 h, followed 

by washing 4 times for 10 min each in TBS-T. Blots were then probed with a 

1:10000 dilution of anti-rabbit secondary antibody in 5 % milk in TBS-T for  

1 h, followed by washing 3 times for 5 min each in TBS-T. Finally, blots were 

washed for 5 min in TBS and treated with either standard ECL substrate or 

SuperSignal West Femto high sensitivity substrate (ThermoFisher Scientific). 

Blots were imaged using a Bio-Rad ChemiDoc Imaging System (Bio-Rad 

Laboratories).  

 

RNA Extraction and Sequencing. For RNA-seq experiments, 14-day-old 

seedlings were grown as described above. After nine days of growth in liquid 

MS medium supplemented with 1 % sucrose, the medium was removed from 

the wells and replaced with 600 µL of fresh liquid MS per well. The following 

day, 400 µl of 3 mg/mL of COM in 0.5 % DMSO in MiliQ water or the 

corresponding mock solution were added to each well. Seedlings were treated 
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for 10 min and then two wells, for a total of four seedlings were collected and 

instantly frozen in liquid nitrogen. In total, four biological replicates were 

generated for each treatment (COM and mock) and stored at -80 ºC for further 

processing. 

Frozen seedlings were pulverized while frozen using a  

Spex SamplePrep Geno Grinder 2010 at 1500 rpm for 90 s. Total RNA was 

extracted at 4 ºC from two ground seedlings as previously described36 by 

addition of 900 µL of TRI reagent (Ambion) and 200 µL of chloroform, recovery 

of 400 µL from the aqueous phase, precipitation with 500 µL of isopropanol 

and washing with 70 % ethanol. All samples were then solubilized in 30 µL of 

RNase-free water. Samples were subsequently subjected to DNase treatment 

using a TURBO DNA-free Kit (Ambion) according to manufacturer’s 

instructions. The reaction mix was incubated at 37 ºC for 30 min, after which 

the inactivation reagent was added and incubated for 5 min at room 

temperature. After centrifugation the supernatant was transferred to a new 

tube. Quantification and quality assessment of all RNA samples were 

evaluated on a TapeStation (Agilent) and RNA sequencing performed by the 

Beijing Genomics Institute (BGI). 

 

RNA-seq data processing. For paired-end RNA sequencing (RNA-seq), 

libraries were generated at BGI according to the DNBSEQ stranded mRNA 

library system. Eight samples were indexed and sequenced using the 

DNBseq™ sequencing platform (20 million reads per sample). Generated 

FastQ files were analyzed with FastQC, and any low-quality reads were 

trimmed with Trimmomatic37. 

All libraries were aligned to the A. thaliana genome assembly TAIR10 

with gene annotations from Ensembl Plants v.49 using the HISAT2 v.2.1.0 

pipeline38 followed by read counts with HTSeq v. 0.13.539. All RNA-seq 

experiments were carried out with four biological replicates. Differential 

expression analysis, and quality control principal-component analysis (PCA) 

and MA plots were generated using the DESeq2 v.1.30.0 R package40. The 
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genes that showed |log2| > 1-fold changes in expression with an adjusted  

P value below 0.05 are defined as significantly differentially expressed genes 

(DEGs) in this analysis. Transcript abundance was defined as transcripts per 

kilobase million (TPM). Gene Ontology enrichment of the differentially 

expressed genes was performed with the topGO v.2.42.0 R package, using 

the Fisher exact test to attain significantly enriched categories. 

 

Comparative analysis of transcriptome modification upon elicitor 

treatment. Differentially expressed gene lists in response to seven elicitors 

(3-OH-FA, CO8, elf18, flg22, nlp20, OGs, Pep1) upon treatment under similar 

conditions as COM were obtained from Bjornson, et al. (2021)27. This study 

followed a time course from 5 min to 3 h post-elicitation: a gene list was 

obtained for each elicitor with genes significantly induced at any time. Abiotic 

stress treatment analysis for seven abiotic stresses (heat, cold, drought, salt, 

high osmolarity, UV-B light, wounding) was also obtained from  

Bjornson, et al. (2021), based on ATH1 microarray experiments presented in 

Killian, et al. 200741. This study followed a time course from 5 min to 12 h  

post-elicitation: a gene list was obtained for each elicitor with genes 

significantly induced at any time up to 3 h. Comparisons and visualizations 

among differentially expressed genes were performed in R using the tools of 

the tidyverse v.1.3.1 package42. Spearman correlation among log2  

(fold changes) for treatments was calculated using the Hmisc package in  

R v.4.5-0) and visualized using the corrplot package v.0.89. Annotation data 

for genes induced specifically by COM was obtained from the Arabidopsis 

information resource (TAIR) via Bioconductor package org.At.tair.db v.3.10.0. 

 

Quantitative analyses of total carbohydrate content. To evaluate the sugar 

moiety content of cutin purified using ionic liquids and oligomeric mixtures 

derived from its controlled depolymerization, all samples were subjected to an 

acid hydrolysis (1 M H2SO4 in methanol) for 4h at 90 ºC. The hydrolysable 

sugars were recovered in the supernatant through centrifugation  
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(18514 g, 4 °C, 20 minutes) and the pH was neutralized using 5 M NaOH in 

water. All samples were dried under a flux of nitrogen at room temperature. 

Quantification of carbohydrates in the dried hydrolysates was performed using 

the total carbohydrate assay kit from Sigma-Aldrich according to the 

manufacturer’s instructions. The samples were analyzed in triplicates. 

 

NMR characterization of cutin and cutin oligomeric mixtures. NMR 

spectra of cutin and cutin oligomeric mixtures (COMs) resulting from its 

hydrolysis were recorded using an Avance III 800 CRYO (Bruker Biospin, 

Rheinstetten, Germany). All NMR spectra (1H, 1H-1H COSY, 1H-13C HSQC, 

1H-13C HMBC) were acquired in DMSO-d6 using 5 mm-diameter NMR tubes, 

at 60 °C as follows: 20 mg of cryomilled cutin or 15 mg of COMs in 400 μL of 

DMSO-d6. For quantification purposes, 1.25 mg of benzene (internal 

standard) was added to each sample. MestReNova, Version 11.04-18998 

(Mestrelab Research, S.L.) was used to process the raw data acquired in the 

Bruker spectrometers. 

 

GC-MS characterization of cutin and cutin oligomeric mixtures. To 

release the hydrolysable constituents, all cutin derived samples were treated 

with a solution of 0.5 M NaOH in methanol:water (1:1 [v/v]) at 95 °C for 4 h. 

The mixture was cooled to room temperature and acidified to pH 3–3.5 with 

HCl 1 M, spiked with a known concentration of hexadecane (internal 

standard), and extracted three times with dichloromethane. Sodium sulphate 

anhydrous was added to the organic phase to remove water and concentrated 

under a nitrogen flow. The non-hydrolysable fraction was recovered by 

filtration (cellulose nitrate filter) and subsequently washed, dried, and 

weighted (recalcitrance). The dried combined organic extracts were 

sequentially derivatized: firstly, 2.0 M (trimethylsilyl)diazomethane in hexane, 

mixed in a methanol:toluene 2.5:1 solution (3:2); and secondly,  

N,O-bis(trimethylsilyl)trifluoroacetamide containing 1 % (v/v) of 

trimethylchlorosilane in pyridine (5:1), both steps performed for 30 min at  
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90 °C. The derivatives were then analyzed by GC-MS (Agilent: 7820A GC and 

5977B quadrupole MS; HP-5MS column) as follows: ramp temperature 80 °C, 

then 2 °C·min-1 to 310 °C for 15 min. The MS scan mode, with source at  

230 °C and electron impact ionization (EI+, 70 eV) was used for all samples. 

Data acquisition was accomplished by MSD ChemStation (Agilent 

Technologies); compounds were identified based on the equipment spectral 

library (Wiley-National Institute of Standards and Technology) and quantified 

using external standards of the major classes of the aliphatic monomers 

(heptadecanoic acid, hexadecanedioic acid and pentadecanol). All samples 

were analyzed in triplicates, each with technical duplicates. 

 

Thin Layer Chromatography (TLC)-based characterization of cutin 

oligomeric mixtures. Both cutin oligomeric mixtures (COMs) and the cutin 

from which they resulted were characterized by TLC on plates coated with 

Merck Silica gel 60 F254 and the retardation factor (rf) for each obtained fraction 

calculated. Samples were eluted on benzene/ethyl ether (1:1 v/v) solution. 

Alcohols, phenols, alkenes and carbonyl groups were detected with a 

phosphomolybdic acid universal stain solution, revealing on heating,  

blue-black spots on yellow green. Organic acids (e.g. carboxylic acids) were 

revealed with a solution of bromocresol green, with a few drops of 0.1 M 

sodium hydroxide, as yellow spots on a green background. UV detection at 

two different wavelengths (254 and 365 nm) was used to evaluate the 

presence of aromatic compounds. 
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ANNEX 
 

This annex contains the Supplementary Material published along the main 

body of the research paper which composes Chapter IV. This intends to allow 

better and easier understanding of the methodologies and analyses 

performed. 

 

 

Supplementary Data 

The following supplementary materials are available. 
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Table S1 – List of compounds tested in the initial screening for immune eliciting 

potential of cutin derived molecules. The library was composed by commercially 

available model compounds (CMCs), the polyesters cutin and suberin extracted from 

different plant sources, cutin oligomeric mixtures (COMs) generated by partial 

depolymerization of the polymer, and soups of monomers (SMs) resulting from 

extensive depolymerization of cutin and suberin. 

 

Code Compound Observations 

CMC1 Glycerol Alcohol 

CMC2 16-Hydroxypalmitic acid C16 

CMC3 Hexadecanedioic acid C16 

CMC4 Linoleic acid C16 

CMC5 Oleic acid C16 

CMC6 Palmitic acid C16 

CMC7 Aleuritic acid C16 

CMC8 Glyceryl stearate C18 

CMC9 Glyceryl tristearate C18 

CMC10 12-hydroxystearic acid C18 

CMC11 Stearic acid C18 

CMC12 Octanedioic acid C18 

Cutin T Cutin Tomato ‘Roma’ Ionic liquid isolated cutin 

Cutin TC Cutin Tomato Pomace (Compal) Ionic liquid isolated cutin 

Cutin MT Cutin Tomato Micro-Tom Ionic liquid isolated cutin 

COM T Cutin Oligomeric Mixture Tomato ‘Roma’ Methanolysis 

COM TC Cutin Oligomeric Mixture Tomato Pomace (Compal) Methanolysis 

COM MT Cutin Oligomeric Mixture Tomato Micro-Tom Methanolysis 

SM T Cutin Monomeric Mixture Tomato ‘Roma’ Total alkaline hydrolysis 

SM TC Cutin Monomeric Mixture Tomato Pomace (Compal) Total alkaline hydrolysis 

SM MT Cutin Monomeric Mixture Tomato Micro-Tom Total alkaline hydrolysis 

Sub C Suberin Cork Oak Ionic liquid isolated suberin 

SM Sub C Suberin Monomeric Mixture Cork Oak Total alkaline hydrolysis 
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Figure S1 – Schematic representation of the hydrolysis reaction performed to cutins 

extracted from different types of tomato to obtain cutin oligomeric mixtures (COM). 

 

 

Table S2 – Major results obtained from all the tests performed during the initial 

screening of the library of potential elicitors of immunity on the three model plants 

Solanum lycopersicum, Nicotiana benthamiana and Arabidopsis thaliana. Plants not 

tested are labelled as n.t. and responses not detected after treatment are labelled as 

n.d.. 

 

 

 

 

 

 

 

 

 

 

 

 

Hydrolysis

40 ºC   2 h

Acidification ( pH 3)

Insoluble 

Fraction

Soluble Fraction 

COM

Soluble

Fraction

Filtration

Centrifugation

NaOCH3

Methanol Anhydrous

HCl 37%

Extraction

Dichloromethane/water partition

Dried

Dried

Non-

hydrolised

residue

Model Plant

Test

Solanum lycopersicum Nicotiana benthamiana Arabidopsis thaliana

ROS burst
CUTIN n. d. n. d.

Ca2+ influx
n. t. COM COM

MAPK activation
n. t. n. t. CUTIN / SUBERIN
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Figure S2 – Luminescence-based detection of apoplastic ROS: in Arabidopsis 

thaliana Col-0 seedlings upon treatment with 1-3 mg/mL of soup of monomers 

resulting from the hydrolysis of tomato pomace cutin (A); and upon treatment with 

100-400 µM of the cutin monomer HPA (B). 

 

 

 

Figure S3 – Luminescence-based detection of calcium influx in Arabidopsis thaliana 

seedlings expressing the calcium reporter aequorin, upon treatment with 1-3 mg/mL 

of cutin derived soup of monomers (A) and 100-400 µM of the cutin monomer HPA 

(B). 
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Figure S4 – Western blot evaluation of MAPK activation in 14-day-old Arabidopsis 

thaliana seedlings from wild type Col-0 and the bak1-5 bkk1, cerk1-2 and bbc mutants, 

upon treatment with 3 mg/mL of COM II or cutin against the corresponding mock 

control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5 – Principal components analysis performed to all eight samples used for 

the RNA-seq experiment. The figure depicts the first two main components. Ellipses 

enclose the regions of the space comprising the four biological replicates of each 

treatment: COM (C1-C4) and 0.5 % DMSO in water – mock control (D1-D4).  
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Figure S6 – MA plot representing the statistically significant (adjusted pvalue < 0,05) 

differentially expressed genes (Log2 fold change ≤ -1 or ≥ 1), in Arabidopsis thaliana 

Col-0 plants upon treatment with COM for 30 min. 

 

 

Figure S7 – GO term enrichment analysis performed for the genes that showed 

upregulation upon treatment with COM for 30 min. 
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Figure S8 – Correlation plot depicting changes in gene expression between all the 

elicitors evaluated in the comparative analysis: all transcriptomes compared at 30 min 

post treatment. 
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Table S3 – List of genes uniquely induced by the COM treatment after comparison 

with seven other different elicitors of plant immunity, but also induced by one or more 

different of abiotic stress conditions. Genes for which there was no attributed name or 

description on the TAIR database were labelled as NA, and genes which were either 

not represented on the ATH1 microarray or were represented by a probe with multiple 

gene matches are labelled ND. 

 

Gene Log2 FC padj ASI Name Short Description 

AT3G27880 3.3280 5.38E-66 1 NA Hypothetical protein 

AT3G04200 3.0262 3.89E-03 1 NA C2H2-type zinc finger family protein 

AT2G20670 2.3084 1.01E-05 1 NA Sugar phosphate exchanger 

AT5G65790 2.1720 1.12E-09 1 ATMYB68 Putative MYB transcription factor. 

AT2G27010 2.0167 8.85E-11 1 CYP705A9 Member of CYP705A 

AT1G67030 1.8268 3.82E-06 1 ZFP6 Zinc finger protein containing only a single zinc finger. 

AT1G31050 1.7533 2.28E-05 1 PFA1 Pericycle factor type-a 1 

AT4G21510 1.7418 4.24E-14 1 ATFBS2 F-box family protein 

AT1G58170 1.6905 1.11E-02 1 NA Disease resistance-responsive family protein 

AT5G42580 1.5640 3.99E-02 1 CYP705A12 Member of the cytochrome P450 family 

AT1G22110 1.5603 2.04E-05 1 NA Structural constituent of ribosome 

AT2G36050 1.4361 2.24E-09 1 ATOFP15 Ovate family protein 15 

AT1G67340 1.4226 1.19E-07 1 NA HCP-like superfamily protein with MYND-type zinc finger 

AT1G35515 1.3600 9.30E-03 1 HOS10 Nuclear localized R2R3-type MYB transcription factor 

AT2G17080 1.2715 1.55E-04 1 NA Hypothetical protein 

AT3G14660 1.1079 8.28E-05 1 CYP72A13 Putative cytochrome P450 

AT1G17360 1.0928 9.71E-05 1 NA Protein phosphatase 1 regulatory subunit-like protein 

AT5G07870 3.5385 7.84E-83 2 NA HXXXD-type acyl-transferase family protein 

AT5G05220 3.2064 4.63E-02 2 NA Hypothetical protein 

AT3G28740 2.6127 1.80E-04 2 CYP81D11 Member of the cytochrome p450 family.  

AT5G07860 2.6096 3.66E-59 2 NA HXXXD-type acyl-transferase family protein 

AT4G34138 2.3470 8.31E-11 2 UGT73B1 UDP-glucosyl transferase 73B1 

AT3G49690 1.9282 2.73E-07 2 ATMYB84 Putative homolog of the Blind gene in tomato.  

AT1G54120 1.7080 7.66E-04 2 NA Hypothetical protein 

AT2G39330 1.5299 2.13E-02 2 JAL23 Jacalin-related lectin 23 

AT1G02205 1.4895 3.06E-02 2 CER1 Gene associated with production of stem epicuticular wax 

AT5G48010 1.4732 5.37E-05 2 AtTHAS1 Oxidosqualene cyclase involved in the biosynthesis of thalianol. 

AT3G13310 1.4728 3.88E-13 2 DJC66 Chaperone DnaJ-domain superfamily protein 

AT3G03840 1.3663 4.61E-03 2 SAUR27 SAUR-like auxin-responsive protein family 

AT5G67420 1.2773 8.30E-03 2 ASL39 LOB-domain protein involved in nitrogen metabolism and leaf morphogenesis 

AT5G53500 1.2322 1.54E-16 2 NA Transducin/WD40 repeat-like superfamily protein 

AT1G18330 1.2301 8.86E-03 2 EPR1 Early phytochrome responsive 1 

AT1G68440 1.2035 6.49E-19 2 NA Transmembrane protein 

AT3G16800 1.1923 9.57E-03 2 EGR3 Regulates microtubule organization 

AT1G15550 1.1772 1.52E-02 2 ATGA3OX1 Involved in the gibberellic acid biosynthetic pathway 

AT4G05070 1.0033 1.73E-03 2 WIP2 Member of the wound-induced polypeptide (WIP) family 

AT3G59940 2.7494 8.68E-21 3 KFB50 Member of the F-box KISS ME DEADLY (KMD) protein family 

AT1G68360 1.7719 2.77E-02 3 GIS3 Nuclear localized member of the C2H2 family of transcription factors 

AT2G30130 1.6642 1.55E-05 3 ASL5 Gene similar to asymmetric leaves (AS)/lateral organ boundary (LOB) genes 

AT5G16600 1.5649 3.06E-03 3 ATMYB43 Putative transcription factor (MYB43) 

AT3G47600 1.5635 1.87E-09 3 ATMYB94 Putative transcription factor (MYB94) 

AT1G78600 1.5492 3.70E-05 3 BBX22 Light-regulated zinc finger protein 

AT1G21680 1.4751 1.29E-03 3 NA DPP6 N-terminal domain-like protein 

AT5G01820 1.3611 1.60E-03 3 ATCIPK14 CBL-interacting serine/threonine protein kinase 

AT5G63970 1.2545 7.16E-04 3 RGLG3 Calcium-dependent phospholipid-binding protein 

AT3G24310 2.5638 2.05E-08 4 ATMYB71 Snapdragon myb protein 305 homolog (myb) 

AT5G54230 2.3699 3.64E-10 4 AtMYB49 Putative transcription factor (MYB49) 

AT3G48510 1.9524 9.78E-04 5 AITR2 ABA‐induced transcription repressor acting as feedback regulator in ABA signalling 

AT2G47890 1.5210 1.02E-07 5 NA B-box type zinc finger protein with CCT domain 

AT4G25480 3.4252 4.48E-04 6 ATCBF3 Member of the DREB subfamily A-1 of ERF/AP2 transcription factor family (CBF3) 

AT1G05100 2.6703 2.87E-17 6 MAPKKK18 Member of the MEKK subfamily 

AT5G35688 5.2093 3.42E-03 ND NA Small protein with evidence of transcription or purifying selection 

AT4G22210 4.6102 1.81E-02 ND LCR85 Member of a family of small, secreted, cysteine rich proteins. 

AT2G30615 4.2291 2.97E-03 ND NA F-box/LRR protein 

AT1G10220 3.2335 2.69E-06 ND ZCF37 NA 

AT4G15248 3.0468 7.29E-03 ND BBX30 B-box type zinc finger family protein 

AT1G72490 2.3606 2.59E-09 ND DRO1 Member of the IGT gene family with unknown function 

AT2G26370 2.2571 2.03E-02 ND NA MD-2-related lipid recognition domain-containing protein 

AT5G63595 2.1890 2.26E-10 ND ATFLS4 Flavonol synthase 4 

AT4G37700 1.9244 1.77E-02 ND NA Hypothetical protein 

AT1G64950 1.7784 5.54E-18 ND CYP89A5 Member of CYP89A 

AT5G65030 1.7624 3.92E-02 ND NA Nitric oxide synthase-interacting protein 

AT2G28160 1.6114 3.29E-03 ND ATBHLH029 Putative transcription factor regulating iron uptake responses 

AT2G30230 1.3264 1.96E-03 ND NA 6,7-dimethyl-8-ribityllumazine synthase 

AT2G23690 1.3238 1.10E-03 ND NA HTH-type transcriptional regulator 

AT4G06534 1.0011 3.85E-02 ND NA Transmembrane protein 

AT4G02950 5.4744 1.15E-04 ND NA Ubiquitin family protein 

AT5G23360 2.4024 6.64E-05 ND NA GRAM domain-containing protein / ABA-responsive protein-related 

AT5G23350 1.9571 4.41E-04 ND NA GRAM domain-containing protein / ABA-responsive protein-related 

AT1G05660 1.3890 1.14E-02 ND NA Pectin lyase-like superfamily protein 
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Figure S9 – Wide-ranging 1H NMR spectral characterization of cutin and cutin 

oligomeric mixtures. 
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Table S4 – Chromatographic characterization of cutin and cutin oligomeric mixtures. 

Rf values of fractions separated on TLC plates were calculated for each sample after 

revelation with two different staining solutions. Images of the plates after staining are 

presented to illustrate differences between samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound Bromocresol Green Phosphomolybdic acid UV (254/365 nm)

Cutin - - -

C3

0,70  0,07

0,45  0,02

0,07  0,00

0,75  0,02

0,56  0,02

0,46  0,02

0,36  0,04

0,27  0,02

0,12  0,00

0,75  0,02

0,58  0,02

0,51  0,00

0,41  0,02

0,35  0,02

0,20  0,00

0,11  0,00

C32N 0.07  0.00 -

0,56  0,02

0,45  0,01

0,33  0,05

0,22  0,03

0,13  0,00

Cutin

COM

COM II

CUT COM COM  
II 

CUT COM COM  
II 

CUT COM COM 
 II 

CUT COM COM 
II 
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Figure S10 – GC-MS characterization of cutin and cutin oligomeric mixtures. 

Representative chromatographic profile of each sample after total depolymerization 

and derivatization. The peak corresponding to the internal standard (hexadecane) is 

labelled as IS. 
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CHAPTER V 
 

 

Chapter V contains an integrated discussion of the contents of this thesis. 
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Discussion and Future Perspectives 

 

The first goal of this project was to establish a straightforward method 

to purify cutin preserving a near native polymeric backbone and devoid of 

cross contamination with unbound cell wall constituents. The traditionally 

accepted gold standard methods – enzymatic digestion of polysaccharides 

and solvent-based dewaxing - are time consuming (days to weeks). Also, the 

removal of the polysaccharides may alter the cutin polymer; an increasingly 

relevant aspect due to recent reports suggesting that cutin might be anchored 

to the cell wall by chemical bonding to specific polysaccharides1. Notably, the 

ionic liquid-based process developed in this thesis can be applied to 

rapidly isolate a cutin (hours) with similar quality to a cutin obtained 

through conventional methods2 (Chapter II). The ionic liquid capacity to 

hydrolyze different types of ester-containing compounds is very limited 

(Chapter II and III). Accordingly, we hypothesize that the liquid crystal 

environment created by the ionic liquid at 100 °C, results in the swelling of the 

plant cell walls, and hence separation of the cutin and the polysaccharide 

domains, with the latter being washed out together with all unbound 

components. This process was successfully used to purify cutin from tomato 

and pepper peels (Chapter II, III and IV).  

Setting up an alternative cutin extraction method is inspiring new 

developments. For example, we are currently testing the suitability of this 

methodology to isolate cutin directly from industrial tomato pomaces  

(Rita Escórcio, PhD student). One important bottleneck of the industrial 

exploitation of natural polymers is that the heterogeneity of the raw material 

needs to be surpassed.  Cutins isolated using the ionic liquid process display 

high chemical similarity, regardless of great chemical differences observed in 

the raw materials, currently provided by agro-industries located in Portugal 

and France. Current efforts focus on the exploitation of these cutins as a 

source of antimicrobial oligomers. In addition, the ionic liquid process showed 

great flexibility: following simple changes it can be applied to isolate different 
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plant polyesters from very distinct plant sources (Chapter III). The specificity 

of each plant polyester, namely type and degree of esterification of the 

polymer, anchoring in the cell wall and tissue localization, determines the 

isolation of polymeric particles (suberin from cork and potato peel) or the 

isolation of a polymeric continuum (cutin from tomato and pepper peels).  

 While the chosen ionic liquid – cholinium hexanoate – is not available 

commercially and its synthesis is costly, it constitutes a greener alternative 

compared to organic solvents used in the dewaxing process, which have 

negative ecological impacts. With the goal of reducing the ecological footprint 

of cutin industrial exploitation (used e.g. for coatings), our lab is testing the 

process scalability. Cholinium alkanoates were previously shown as 

environmentally benign and biodegradable, which added to their good solvent 

properties, makes them very attractive for industrial exploitation3. The usage 

of ‘green’ solvents for the valorization of industrial residues is aligned with the 

vision of the European Commission Green Deal (e.g. on recyclability and 

sustainable industrial development) and the United Nations Sustainable 

Development Goals (e.g. sustainable communities, responsible resource 

consumption and industrial innovation). 

 

Inspired by approaches used for studying lignocellulosic materials4, we 

decided to use cryogenic milling to reduce the crystallinity and the 

particle size of cutin. This strategy was applied systematically to the ionic 

liquid isolated cutins (Chapter II, III and IV) as well as directly to tomato peel 

(Chapter II). The cryogenically milled materials were then solubilized in 

DMSO-d6, which allowed for the first time to acquire solution NMR spectra 

of cutin. The ability to look inside the macromolecular structure of cutin 

constitutes a remarkable achievement (n.b. a magnet of 800 MHz was used) 

allowing higher resolution than the previously used methods such as  

solid-state NMR and FTIR (discussed in Chapter I). Paradoxically it was 

through the use of such solid-state methodologies that we first collected 

information on the polymer esterification and reticulation levels that were 
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suggestive of the potential of the ionic liquid to obtain a near native cutin 

(Chapter II). However, clear evidence that the ionic liquid did not alter cutin  

structure was established only through the use of solution NMR, first through 

comparison of cutin upon and prior its isolation (Chapter II) and secondly 

through analysis of the ester-cleavage kinetics in model compounds  

(Chapter III). Importantly, the ability to solubilize directly cutin from a plant 

source (without any extraction) allows a direct analysis of the polymer as it 

exists in planta. In the particular case of cutin, alterations provoked by the 

ionic liquid seems virtually null; hence, our gold standard for cutin analysis still 

favors its isolation with the ionic liquid (reducing the interference by unbound 

components in its subsequent analysis) followed by structure analysis by NMR 

and monomeric analysis by GC-MS. We further improved the NMR method 

to reach absolute quantification of esters – the most critical linkage for the 

3D organization of the polymer (Chapter III). The improvement of the 

sensitivity allowed us to detect and assign the signal corresponding to the 

secondary esters in both tomato and pepper cutin. Moreover, the use of an 

internal standard (benzene) allowed direct comparison of samples and precise 

quantification of total and secondary esters. Furthermore, the use of 31P NMR 

allowed us to systematically compare the absolute quantities of free OH 

aliphatics associated with specific mutations, affecting cutin biosynthesis. This 

led to the observation that an increase in the free OH aliphatic content directly 

correlates with a decrease in the secondary ester content in cutins isolated 

from peels of Micro-Tom tomatoes. 

The gold standard method used for the characterization of plant 

polyesters, indifferently of their plant source, developmental stage or tissue is 

GC-MS. Analyses of the hydrolysates, deal with major limitations: (i) there are 

regions of the polymer that cannot be hydrolyzed, and (ii) the fraction that is 

hydrolyzed comprises several non-assigned peaks. Despite these limitations, 

GC-MS still constitutes a powerful technique to identify building blocks and 

guide the identification of precursors (essential e.g. for the assignment of 

biosynthetic genes).  Advances on mass spectrometry applicable for the study 



Chapter V 
 

216 
 

of complex polymers will further support this technique as gold standard for 

answering specific questions5 (some of which relevant for Chapter IV). 

However, it is known that compositional alterations in the polymer generated, 

for example, through mutations in particular genes, do not alter the GC-MS 

fingerprint, while they alter barrier properties. Such behavior can only be 

related to two main factors: the polymer macro-molecular arrangement is 

completely different, or the polymer is anchored in a different way to the 

underneath epidermal cell walls. Both aspects are increasingly relevant for 

plant scientists interested in understanding cutin multifunctionality in planta.  

The methods I have established will certainly help to answer how the 

polyester is anchored to the cell wall; one aspect that was not fully explored 

on this thesis, but of which some initial steps were given. In collaboration with 

Rita Escórcio, we aim to identify the link, if any, between cutin and cell wall 

polysaccharides. For this, we are performing sequential isolation reactions of 

cutin from tomato pomace combining enzymatic reactions and different ionic 

liquids (n.b. some ionic liquids result in a cutin showing a WAXS diffractogram 

devoid of crystalline cellulose). The polysaccharide content in ionic liquid 

extracted cutins can be evaluated by different methods, e.g. as presented in 

Chapter III by means of immunoblotting or colorimetric detection after 

hydrolysis with a specific kit for total carbohydrate quantification. Both 

quantification strategies demonstrate a similar trend, including between wild-

type and mutant genotypes of the Micro-Tom cutins, but their absolute levels 

are very dissimilar. This discrepancy makes evident that future efforts need to 

focus on the establishment of an improved methodology, guiding the 

discovery of the true nature of the polysaccharides associated with cutin. Yet, 

with either method, the results might be influenced by self-assembly events 

(which are concentration and time dependent) and by the heterogeneity of the 

material. These events may interfere with a direct detection by immunoblotting 

or upon their hydrolysis. Ana Tomé (undergrad fellow in the lab, who has 

helped me with the GC-MS analyses included in this thesis), is setting up 

derivatization methods for polysaccharides detection by GC-MS. In line with 
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this, a different angle is also preliminary being pursued in the lab, focusing on 

the role played by flavonoids covering the hypothesis that covalent bonds 

and/or strong entanglement of these chemical compounds with the cutin 

matrix might exist.  

I trust that the isolation strategy and the quantitative solution NMR 

methods developed in this thesis for cutin analysis, in combination with  

GC-MS analyses of hydrolysates, will soon become the gold standard 

approach to dissect the chemical plasticity of cutin in different sources, 

including fine characterization of the impact of specific mutations  

(Chapter II and III). This has attracted substantial interest by several groups, 

some of which initiated collaborations with the Silva Pereira’s group on very 

distinct topics in either cutin or suberin. As an example, the lab is analyzing 

suberin extant in the roots of several different plant sources, confirming the 

potential of our workflow to disclose its in situ polymeric organization, despite 

of a low abundance in roots.  

We have decided to stretch the potential of our workflow to (maybe) a 

limit – ionic liquid extraction, cryogenic milling of the resultant polymer and 

NMR analysis, by focusing on sporopollenin. The biopolymer sporopollenin is 

present, for example, in the outer wall of pollen grains and shares reported 

chemical similarities to cutin. The aim is to disclose its true chemical nature, 

especially as we noticed that the sporopollenin chemical fingerprint is modified 

when isolated using the conventional process (acetolysis). This study is 

currently being pursued by Lúcia Albano (MSc student in the lab).  

While I have not become an expert on NMR during this thesis, I have 

learned how to prepare samples of very complex polymers for NMR analysis. 

I learned the importance of some technical modifications that greatly improve 

the analytical resolution: (i) the use of a cryoprobe (increases sensitivity; 

confirm some assignments by HMBC), (ii) fine adjustment on the acquisition 

times and temperatures (increases the signal resolution), (iii) use of internal 

standards (absolute quantification of specific bonds), and (iv) labelling specific 

groups (e.g. free OH groups reactive to phosphorylation agents) – all of which 
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help us to setup a matchless quantitative approach for the analysis of the 

structure of plant polyesters. I observed the start of the adventure of using 

solution NMR for suberin. This was instrumental and inspirational, largely 

defining the way I have approached Chapters II and III of my thesis. The NMR 

workflows that were established for either plant polyesters, are helping other 

studies focusing plant polymers and extractives. Taken as example, NMR is 

being used to fingerprint the diversity of resin acids in Portuguese pine trees, 

before and after their biotransformation by fungi (PhD student Ângela 

Pinheiro) and to characterize woody outer barks (Post-Doc Artur Bento).  

 

The data generated for cutin on this thesis was gathered with data 

focusing on suberin to define the rules of thumb for the quantification of 

the structure-property relationships of plant polyesters (Chapter III). It is 

relevant to state that we have detected distinctive chemical features in pepper 

cutin (e.g. presence of epoxide groups); we have not explored this aspect 

further, but it provides another cutin structural variant for future tests focusing 

its multifunctionality in planta. These rules make possible to use the 

macromolecular arrangement information of a given plant polyester to 

anticipate the thermal and crystalline properties of the ensuing materials. This 

creates unprecedent opportunities to use solution NMR to screen different raw 

materials or industrial residues to decide the best route for their valorization. 

Additionally, it may help deciding on strategies to combine different materials 

and guide selection based on unique chemical features, favoring e.g. a 

specific thermal behavior. Although this was not central for my thesis, I think 

it will be extremely useful for projects focusing applied research on bio-based 

materials. Besides, since cutin builds a defensive barrier in planta, it may be 

anticipated that the opposite route is also very relevant, i.e. use 

measurements of specific physical properties of the plant material to predict 

key chemical characteristics of the composing polyester  

(e.g. presence/number of epoxides and free OH in cutin).  
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 Conditions were set to pursue the final aim of this thesis: test the 

potential of cutin-derived oligomeric molecules to induce  

pattern-triggered immunity (PTI), acting as damage-associated 

molecular patterns (DAMPs). The opening hypothesis is in line with the 

identification of other DAMP molecules originating from the cell wall 

polysaccharides (e.g. OGs and cellobiose) that are of oligomeric nature6.  The 

focus on cutin arose naturally by a series of reasons: it covers the aerial 

tissues of most land plants, constituting a defensive shield and compared to 

suberin presents lower chemical complexity at the level of the diversity of 

monomeric constituents. Through the course of this thesis, I verified that the 

ionic liquid process for purification of cutin was easy, time-efficient and with 

high recovery yields, securing our option of focusing on cutin.  

Results obtained in the initial screening comprising cutin as well as 

cutin oligomeric mixtures (COM), supported the hypothesis that mild 

cleavage of cutin generates chemical signals able to initiate immune 

responses in plants (Chapter IV). The fact that we were able to observe 

immune responses elicited in three different model plants, belonging to two 

different families, ensured us that the response was not plant-specific. To 

perform a systematic characterization of the potential of cutin oligomeric 

molecules to induce first line immune responses, such as a ROS burst and 

calcium influx, we chose Arabidopsis thaliana as our model. The choice was 

based on the fact that most of the immune assays are already efficiently 

established on this plant. Moreover, the possibility to explore a number of 

specific mutants to try to identify families of receptors involved in the 

perception of such signals supported our choice. The ability of COM to 

activate MAP kinases and transcriptional reprogramming was observed. 

Collectively, the results gathered in Chapter IV suggest that the COM 

consists of a mixture of different molecules, comprising monomers and 

oligomers but the main elicitor is likely oligomeric. All tested cutin 

monomers – either generated through extensive depolymerization of cutin or 

pure compounds – systematically failed to induce any of the measured 
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immune outputs, irrespective that the conditions were similar to those used for 

testing the COM. Nevertheless, the fact that pure monomers were already 

reported as inducers of ROS production and of differential expression of 

defense genes7, still needs to be taken in consideration. Measuring ROS was 

one of the biggest challenges of Chapter IV. Under the conditions tested, we 

could only observe a ROS response when testing cutin with minor degree of 

cleavage. This could be indicative that when the polymer is cleaved, specific 

groups are exposed that might react with the HRP enzyme, depleting its 

action, and hence preventing luminescence measurements. The TLC data 

suggest that phenolic compounds are present in our COMs. This could explain 

the loss of signal observed after co-treatment with flg22 and COM, as phenol 

oxidation is reported to inactivate the HRP enzyme8. This aspect needs to be 

revisited after measuring the concentration of phenolic compounds in COM, 

as the inhibition of HRP depends on the enzyme: inhibitor ratio. These 

observations also suggest that future efforts should consider the possibility 

that the activity of the elicitor molecule might depend on an aromatic group 

linked to one or more aliphatic monomers. In Chapter III, we synthesized a 

model compound, built by a monomer linked to an aromatic acid  

(ethyl 4-hydroxy-3-methoxy-cinnamate) and this will be one of the compounds 

to test in the future for the same set of immune outputs explored in  

Chapter IV. Another possibility is to label phenolic compounds present in 

COMs, allowing a precise quantification of these chemical features by solution 

NMR. This will be the future focus, exploring the labeling of phenolic groups 

already established in the lab or alternative ones, such as the use of iodide for 

specific NMR techniques9.  

 The biggest challenge continues to be the fact that we are dealing with 

a heterogeneous mixture. Moreover, the results indicate that we might be 

searching for a low molecular weight oligomer. This was confirmed by 

preliminary MALDI-TOF MS analysis of COM (not presented on this thesis), 

which revealed the presence of molecules resulting from two or three 

monomers linked together, as well as the presence of other unknown chemical 
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features. Adding to this, a third challenge is presented: the production of 

sufficient amounts of the COMs to allow activity guide fractionation. Currently, 

we are exploring this using size exclusion chromatography techniques, with 

the aim of understanding the degree of polymerization of the molecules 

present in our mixtures. Preliminary tests are already running to allow the 

precise identification of the molecular weight of molecules present in our 

samples. Subsequent steps will include combining this analysis (and the 

abovementioned analytical methods) with TLC-guided fractionation of our 

mixtures followed by tests on the immune eliciting activity of each resulting 

fraction. Objectively, we want to get more homogeneous and active 

fraction(s), and then study the chemical identity of the active molecule by LC-

MS.  

Gas chromatography-based characterizations of the COMs made 

evident their chemical complexity, although less heterogeneous than the cutin 

from which they originated. Such complexity hinders any attempt to infer what 

are the true differences between both COMs, solely by GC-MS. Nonetheless, 

NMR spectra of COMs clearly show that oligomers are present in these 

mixtures, due to the presence of both linear and secondary esters. Direct 

comparison of the two COMs by TLC points to a decrease in complexity in  

COM II. This decrease of complexity suggests an enrichment of this mixture 

in the active molecule, which is supported by its stronger activation of a Ca2+ 

response. Moreover, the ‘intact’ cutin shows two peaks of activation of Ca2+ 

influx; this may be indicative that more than one active molecule exist in cutin, 

one of which is enriched in the COMs. As such, a winning strategy might be 

based on this kind of comparisons between complex mixtures, followed by 

their chromatographic fractionation and testing Ca2+ influx and/or MAP kinase 

activation. In the latter case, we observed that both cutin and COM are able 

to induce MAP kinase activation after 10 min of treatment, compared to the 

mock control. In the case of COM II, it seems that the same trend can be 

observed, but the tests still need to be repeated to confirm this observation.  
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Getting to the chemical identity of a ‘pure’ eliciting molecule would 

allow, among other things, to overcome the technical difficulties experienced 

with ROS measurements, or look for alternative ways of testing such 

response. Alternatives might include DAB staining, already tested for long-

term accumulation of intracellular ROS after treatment with cutin monomers7, 

or the use of genetically-encoded ROS sensors10. Such achievement will also 

have a tremendous impact on the evaluation of the potential of this molecule 

to induce transcriptional reprogramming. In this thesis, a first look into this 

effect was possible after treatment of Arabidopsis thaliana seedlings with 

COM. For this first snapshot, we used a single time-point and performed a 

direct comparison with mock treatment. The selected time-point demonstrates 

the potential of the mixture to induce transcriptomic alterations in the plant, 

confirming that the responses triggered are common to other reported elicitors 

of immunity. Moreover, a degree of uniqueness could be detected in the 

triggered effect, comparable in degree to potent elicitors such as flg22, despite 

the lower number of induced genes. The possibility to test a pure molecule 

could confirm if this uniqueness is even stronger, and could help better 

dissecting the effect on some cellular processes shown to be responsive to 

COM treatment. Having a pure compound would also allow us to test 

additional outputs such as the ability to induce resistance against specific 

pathogens. In fact, this was preliminarily tested by Marta Bjornson  

(Post-Doc in the Zipfel’s Lab). Initial tests failed likely due to the presence of 

aggregates in water that induced wounding upon infiltration. This is one the 

questions we will need to revisit once pure compounds are available to be 

tested. 

A last challenge that remains, even after obtaining the chemical 

identity of the eliciting molecule, will be the identification of the receptor for 

this DAMP. In fact, an initial effort was made by testing MAP kinase activation, 

in different mutants of common co-receptors from the SERK and CERK 

families. These mutants were however still responsive to treatment, 

suggesting that the elicitor(s) present in COM is/are perceived by PRRs other 
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than LRR and LysM families of receptors. This clearly points out to a yet 

non-described perception pathway for COM that may or may not share 

steps with other immune signaling pathways of known DAMPs. Future efforts 

may also include a refining of the transcriptome analysis, concerning the 

establishment of a time course analysis with our pure elicitor molecule. This 

could be used to guide the selection of uncharacterized genes with reported 

receptor domains to generate specific mutant lines to help the identification of 

the receptor of cutin oligomers.  

Finally, it would also allow to assess the safeness of such molecule for 

soil and agronomical environments, opening new opportunities to explore 

such molecules for their use in prophylactic plant treatments to prevent 

specific pests. This strategy is also aligned with the European Commission 

Green Deal principles and the United Nations Sustainable Development 

Goals, previously mentioned on this discussion. 
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