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RESUME

A ce jour, il y a peu de connaissance sur les facteurs qui affectent I'aptitude a la
transformation des fruits et légumes et sur la fagcon dont les procédés peuvent étre
utilisés pour obtenir des produis alimentaires de qualité constante a partir de fruits et
légumes hétérogenes. L'interface entre la production et la transformation est donc un
point clé pour la durabilit¢ de la chaine alimentaire. C'est pourquoi le projet
« Interfaces » (« L'interface entre production et transformation, un point clé pour relier
la variabilité des matieres premiéres et I'adaptabilité des transformations pour des
systemes alimentaires innovants ») a été crée. Il vise a comprendre l'impact d'une part
des variétés, des conditions de culture, de la maturité des fruits (pommes, mangues et
raisins) et d'autres part des paramétres des procédés et de leurs interactions sur les
caractéristiques sensorielles, notamment la texture, des produits transformés (purées

de pommes, mangues séchées et vins).

Cette these s'integre dans le lot de travail 2 intitulé « Gérer la variabilité et
I'nétérogénéité pendant le procédé ». La transformation des pommes en purées a été
choisie en raison du grand nombre de cultivars de pomme, présentant une large
gamme de caractéristiqgues en termes de taille et texture, mais aussi en raison de leur
grande importance économique, de leur valeur nutritionnelle et de leur disponibilité sur
le marché tout au long de I'année. Les purées de pommes ont gagné en importance
ces dernieres années avec une production de presque 350 000 tonnes par an en
France. La texture des purées est un attribut de qualité majeur et donc essentiel pour
un achat répété de ces produits. Bien qu'il existe certaines possibilités de moduler la
texture des purées en utilisant des facteurs technologiques, la texture dépend
principalement de la structure tissulaire de la matiere premiere et des propriétés de la
paroi cellulaire. Les pectines semblent jouer un réle clé dans les mécanismes au
niveau structurel puisqu'elles assurent l'adhésion cellulaire et contribuent a la
résistance mécanique de la paroi cellulaire. Une meilleure compréhension de la fagon
dont la matiére premiere et les conditions de traitement modifient la texture des purées
aidera a concevoir des produits « naturels » sans 'D MR XW G { Bekidr® ws/que H
les amidons, les gommes ou les stabilisants. De plus, les caractéristiques texturales

pourront ainsi étre prédites et mieux controlées.

Au niveau scientifique, la microstructure du tissu des pommes a déja été bien étudiée.
Les pectines ont été identifiées comme les polysaccharides pariétaux qui sont

responsables de I'adhésion cellulaire et qui contribuent fortement a la résistance de la
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paroi végétale. La texture des purees de fruits et Iégumes est également bien connue.
Elle est déterminée par certains facteurs structuraux, comprenant la proportion et la
taille des particules ainsi que la viscosité du sérum. En revanche, le lien entre la
microstructure des fruits et la texture des purées n'est pas encore compris. La maniére
dont le procédé peut étre utilisé pour moduler les caractéristiques structurelles de la

matiere premiere afin d'obtenir la texture souhaitée demande aussi a étre approfondie.

L'objectif de cette thése est donc de mieux comprendre comment les facteurs
structuraux des fruits peuvent étre liés aux facteurs structuraux des purées (et donc
de la texture) aprés cuisson et fragmentation. Un deuxiéme objectif porte sur la

compréhension des mécanismes qui déterminent la fragmentation tissulaire.

Pour modifier la taille des cellules et la microstructure des parois cellulaires dans la
matiére premiére, plusieurs variétés et modes de culture ont été choisis. La maturation
des pommes a aussi été utilisée pour moduler I'adhésion cellulaire. Pendant la
transformation en purée, la microstructure de la paroi cellulaire est encore modifiée et
la fragmentation tissulaire favorisée. Pour étudier I'impact du procédé sur les facteurs
structuraux des fruits, la vitesse de broyage, la température et la durée de cuisson ont
donc été modulées. Les facteurs structuraux des purées, comprenant la proportion et
la taille des particules ainsi que la viscosité du sérum, ont ensuite été analysés et
comparés en fonction des matieres premieres et des conditions du procédé. De la
méme maniére, afin de clarifier la contribution des pectines sur la microstructure de la
paroi cellulaire et la fragmentation tissulaire, les pectines ont été extraites, puis leur
composition et leur structure ont été déterminées et comparées en fonction de la
matiére premiere et les conditions du procédé. L'impact des facteurs structuraux sur

la texture des purées a également été décrit et hiérarchisé.

L'impact de la matiére premiere sur la structure et donc la texture des purées est I'objet
du premier chapitre. La microstructure des pommes a d'abord été modifiée par
l'utilisation de deux variétés différentes, la modulation des pratiques culturales
(irrigation et éclaircissage des fruits) et de la maturation. Toutes les pommes ont
ensuite été transformées dans les mémes conditions, seuls plusieurs niveaux de
raffinage ont été appliqués. La maturité post-récolte des pommes s'est avérée étre le
premier facteur modulant la structure des purées, principalement par la variation de la
taille des particules. Ceci pouvait s'expliquer par une dégradation des pectines, surtout

une hydrolyse des chaines latérales des rhamnogalacturonanes |, entrainant une
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diminution de [I'adhésion cellulaire. La fragmentation tissulaire pendant la
transformation était donc facilitée et les particules dans la purée plus petites. En
conséquence, la viscosité et le seuil d'écoulement des purées diminuait avec la
maturité des pommes. La viscosité et le seuil d'écoulement des purées ont également
été réduits par le raffinage a cause d'une réduction mécanique de la taille des
particules. La taille des particules s'est ainsi montrée étre le facteur structural principal
qui expliquait les difféerences de propriétés rhéologiques des purées. Les autres
facteurs structuraux des purées n'impactaient la texture qu'a taille de particules
constante. Ceci était le cas dans les purées produites avec des pommes a maturité

avanceée.

Dans une deuxieme étude, quatre variétés de pommes aux caractéristiques
contrastées ont été transformées et la structure ainsi que la texture des purées ont été
comparées. L'LPSDFW GH OfpFODLUFLVVDJH GHV IUXLWYV
évalués. Deux procédés de transformation contrastés ont été utilisés afin de vérifier si
la structure de la purée pouvait étre liée aux caractéristiques structurelles des
pommes, quel que soit le procédé appliqué. Cela a permis de montrer que la matiere
premiére modulait en effet la structure et donc la texture de la purée de maniere plus
importante que le procédé. Cependant, une combinaison de température et de vitesse
de broyage (70 °C, 3000 tour/min versus 95 °C, 400 tour/min) pouvait augmenter

I'nétérogénéité des caractéristiques structurelles et texturales des purées.

Le deuxieme chapitre met I'accent sur la maniere dont le procédé peut modifier les
facteurs structuraux apportés par la matiére premiere. Plusieurs études préliminaires
ont été menées, dans lesquelles la vitesse de broyage, la température et la durée de
cuisson ont été modulées. L'évolution de la structure et de la texture des purées a été
suivie au cours du procédé afin de mieux comprendre son impact sur ces parametres.
Deux parametres clés ont été identifiés, la température et la vitesse de broyage. Cela
a été validé par une étude a grande échelle, combinant trois régimes de température
et trois vitesses de broyage. Ici, une seule variété de pomme a été transformée. Par
contre, les procédes ont été réalisés sur des pommes stockées en froid positif pendant
un et six mois, puisque les études sur la matiére premiére avaient montré que la
maturité post-récolte des pommes est un facteur important affectant la texture des
purées. Il a ainsi été prouvé que le broyage était le déterminant principal de la

fragmentation tissulaire pendant le procédé. La température (entre 70 °C et 95 °C)
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n‘avait qu'un impact limité sur la texture de la purée de pommes. En revanche, le
traitement thermique a favorisé I'hydrolyse des pectines a haute température (95 °C).
Ceci a réduit I'adhésion cellulaire et donc favorisé la fragmentation tissulaire pendant
le broyage, produisant des particules plus petites. Cet effet était comparable a celui
entrainé par la maturation des pommes. La proportion des particules et la viscosité du
sérum ont également été modifiées par le traitement thermique. Ceci s'expliquait par
une meilleure solubilisation des pectines provoquant a la fois une augmentation de la
viscosité du sérum et une augmentation de la proportion du volume de purée occupé
par les particules. Cette augmentation était probablement due a la formation de pores
plus grands dans la paroi végétale ayant entrainé de meilleures capacités de rétention
d'eau. Etant donné que les pectines ainsi que la structure des purées ont été
considérablement modifiées par le traitement thermiqgue des pommes stockées
pendant un mois mais pas des pommes stockées pendant six mois, l'interaction durée
de stockage x température a eu un impact majeur sur les pectines. Par contre, les
traitements mécaniques ont un impact mineur sur la composition et la structure des

pectines.

Afin d'évaluer l'impact du procédé sur la texture percue des purées de pommes, les
échantillons issus de I'étude précédente ont été analysés par un panel sensoriel. La
taille des particules est la aussi montrée étre le facteur principal décrivant les
différences de texture entre les purées. Par ailleurs, les purées homogenes ont été
décrites comme « plus sucrées » par rapport aux purées granuleuses qui ont été
percues plus « acides », mais ces résultats pourraient étre influencés par l'aspect

visuel des purées.

Dans un troisieme chapitre, tous les résultats ont été rassemblés et confrontés par des
analyses en composantes principales. La taille des particules a été identifiee comme
principal déterminant de la texture des purées de pommes. Ce facteur structural peut
étre modulé principalement par le broyage et la maturité des pommes. Le raffinage a
pu diminuer la taille des particules et donc la viscosité des purées, excepté pour les
purées produites avec des pommes a maturité avancée car la taille des cellules

individuelles avait été atteinte.
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En conclusion, la taille des particules a été identifiée comme le facteur majeur
déterminant la texture de la purée de pomme en I'absence de concentration ou dilution.
Ceci a été confirmé par une analyse sensorielle. D'autres facteurs structurels, tels que
la proportion de particules et la viscosité du sérum, ont contribué a la texture de la
purée a taille des particules constante. Le broyage était le facteur principal affectant la
fragmentation tissulaire, et donc la taille des particules, pendant le procédé. Cette
fragmentation tissulaire est facilitée par la maturation post-récolte des pommes et le
traitement thermique. Ceci a pu étre corrélé a une solubilisation et une dégradation
des pectines, en particulier I'nydrolyse des chaines latérales, entrainant une réduction

de lI'adhésion cellulaire.

Cette étude a approfondi la compréhension de la fragmentation tissulaire et des
changements de texture pendant la transformation des pommes en purées. Il a
également pu fournir des directives a l'industrie afin de mieux gérer la diversité et
I'nétérogénéité des fruits grace a une meilleure connaissance de la maniere dont la
matiére premiére et le procédé peuvent étre utilisés pour moduler la texture de la purée
de pommes. Ceci va faciliter la conceptualisation de produits alimentaires innovants et
plus naturels (sans agent de texture) et la mise en place d'une transformation durable

(pas de reconstitution des purées).
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INTRODUCTION

How to deal with the growing diversity and heterogeneity of agricultural raw materials
and how to optimize their processing into food products, which satisfy consumer
expectations and enable constant quality? These questions arise for all food
processors. Especially fruits and vegetables present a large range of variability and
heterogeneity, resulting from varietal effects, agronomic and pedoclimatic conditions,
maturity stage and differences between individual fruits due to the position on the tree,
for example. Climate change and new agricultural systems (less petrochemicals and
fertilizers, development of organic production) increase variability (co-existence of
different agricultural systems) and heterogeneity (more abiotic and biotic stresses)
additionally and may require new varieties with improved resistance to pests or
adapted to new pedoclimatic conditions. This impacts fruit quality (sugars, acids,
PLFURQXWULHQWY FRORXU WH[WXUH« DQG FDXVHV KLJK
the raw material. In addition, more durable production systems induce new risks in the
food chains due to the presence of mycotoxins or thermophilic bacteria on raw fruits.
Processing conditions thus have to be adapted to produce safe food products.
However, constant quality in the end products is important for consumer acceptance

and a relevant factor for trade.

Until now, food industry manages variability and heterogeneity of raw materials by
increasing standardization. A common strategy is to fractionate the raw materials and
then recompose the food, sometimes by using additional ingredients. This energy-,
matter- and water-intensive strategy generates pollution and thus negatively impacts

sustainability.

It is known but not mastered by industry that the characteristics of the processed
product mainly depend on the composition of the raw material. While sugars and acids
are almost quantitatively retrieved in the processed product (Yi, et al., 2017),
extractability of micronutrients, such as polyphenols, is more complex. During juice
production, for example, extractability depends not only on the polyphenolic
composition but also on fruit acidity, cell walls, maturity (Brahem, Eder, Renard, Loonis,
& Le Bourvellec, 2017a) and external factors such as pressing temperature (Renard,
et al., 2011). The question of how the raw material influences textural characteristics
in the end product is the least understood as the relation is not straightforward.
Although pectin polysaccharides seem to play a major role (Sila, et al., 2009), the

mechanisms are little investigated. In addition, there is little knowledge on the factors
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that affect the processability of fruits and vegetables and how processing can be used
to diminish or enhance heterogeneity.

The collaboratiYH SURMHFW QDPHG 37KH LQWHUIDFHVY EHWZHHQ D
processing, a key point for bridging variability of raw materials and versatility of
SURFHVVLQJ IRU LQQRYDWLYH IRRG V\VWHPV" 3 QWHUIDFH
continuum between fruit production and processing in order to define possibilities

during processing to best deal with variability of raw material. The questions of how

fruits respond to processing and how they can be characterized in order to be used to

obtain specific characteristics in the end product are thus investigated.

7KH 3, QWHUIDFHV"™ SURMHFW LV SXEOLFO\ IXQGHG WKURXJK
XQGHU WKH 3, QYHDWHQVHPISQWYUBGP ZLWK -1W0KABX-081HUHQFH
01 Labex Agro and coordinated by Agropolis Fondation under the reference ID 1603-

001. It is directed by Véronique Broussolle and Dominique Pallet and includes several

units (Fig. 1) of the research institutes INRAE (Institut National de Recherche pour

I'Agriculture, I'Alimentation et I'Environnement) and CIRAD (Centre de Coopération
Internationale en Recherche Agronomique pour le Développement).

rsuaf

fondation

Fig. 1. 6SRQVRUV SDUWQHUV DQG UHVHDUFK XQLWYV LQYROYH

The project is structured into five work packages (WPs), dealing with the search for
indicators and tools to better characterize the heterogeneity and processability of fruits
(WP 1), the interaction between raw material and process conditions (WP 2), fruit
microbiota (WP 3) and relations between physiological and transformation models
(WP 4). WP 5 aims to better understand how knowledge of processability can impact

relationships between different actors in the food chain.
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This PhD thesis, carried out in the joined research unit SQPOV (Sécurité et Qualité
des Produits d'Origine Végétale) between Avignon University and INRAE, is
embedded in WP 2 HQWLWOHG 30DQDJLQJ YDULDELOLW\ DQG KHW
This WP aims to elucidate the impact of fruit variety, growing conditions, storage
duration and processing of raw fruits (apples, mangos and grapes) on the quality of
end products (apple purees, dried mangos and wine) concerning textural and
nutritional characteristics. The aim of this thesis was to study the impact of diversity

and heterogeneity of apples during processing into puree.

Apples (Malus x domestica Borkh.) were selected as a model of choice not only

because of their high number of cultivars displaying a wide range of fruit characteristics

for size and texture, but also because of their great economic importance and

availability on the market throughout the year (Ebermann & Elmadfa, 2011; Rimbach,

Mohring, & Erbersdobler, 2010). In addition, epidemiological studies show that the
consumption of apples reduces the risk of some cancers, cardiovascular diseases and
$O]KHLPHUYY GXH WR WKH KLJK FRQWHQWAPrikiS ReDAISKHQR OV
2003; Boyer & Liu, 2004). Apples are also of high economic importance since they are

the most produced fruit in whole Europe (Eurostat, 2017).

350 000

300 000 /_'/,Arl— ¢ . ¢ -
250 000 pple puree mixe

with other fruits

200 000

150 000
100 000 =

NP |
50 000 ure apple puree

0

Fig. 2. Evolution of industrial production of apple puree.
Adapted from FranceAgriMer (2017).
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In France, apples are also the most processed fruits (ANPP, 2020). Apart from cider
production, which represents an individual industrial sector, nearly 20% of the apple
stock is processed into puree (72%) and juice (17%). Since purees are appealing
products that can be easily eaten and help to increase the recommended daily intake
of 400 g of fruit and vegetables (WHO, 2003) FRQVXPHUVY GHPDQG LQFUHD
last years. This is why the production of apple puree rose constantly over the last years
(Fig. 2). In 2015, industrial production was split between pure apple purees (46%) and

mixed purees (54%), containing apples and other fruits (FranceAgriMer, 2017).

ORGXODWLRQ RI SXUHHYV WH[WXUH E\ ERWK WKH UDZ PDW
considered since texture is a major quality attribute of pureed fruits and vegetables and

thus a key for the liking and, in turn, repeated purchase of these products (Szczesniak

& Kahn, 1971). Although there exist some possibilities to modulate puree § texture

XVLQJ WHFKQRORJLFDO IDFWRUV DQG RU WH[WXUL]JLQJ DJH(
on the original tissue structure and cell wall properties (Waldron, Smith, Parr, Ng, &

Parker, 1997). Pectic polysaccharides seem to play a key role in understanding

mechanisms at the structural level since they ensure cell adhesion and contribute to

mechanical strength of the cell wall. A better comprehension of how the raw material

DQG SURFHVV FRQGLWLRQV FRPELQH WR FUHDWH SXUHHTV
and to valorise the resources at its best. It will also help to design both innovative and
SQDWXUDO” SURGXFWYV ZLW K Roéwoliddaget<GsGeb \AsLsRi@hdz] WH[W X|
gums and stabilizers. In addition, it will facilitate prediction and control of the texture of

pureed food.

48



INTRODUCTION

Thesis structure

In a first, introductive chapter, this thesis gives an overview of existing literature

concerning raw apple characteristics, structure and function of plant cell wall

components with a main focus on pectins, followed by rheological properties of apple

SXUHHV W FODULILHVY ZK\ UDZ PDWHULDO DQG SURFHVV F

texture and why pectins could explain mechanisms at a structural level.

This points out that knowledge about how variations in the raw TUXLWVY FHOOXOD!
molecular structure determine the rheological behaviour of purees is still missing,

leading to the scientific objectives and research strategies of this thesis.

The background and detailed protocols of all methods applied during this study,
including information about raw materials and process conditions, are assembled in

the material and methods section.

Results are mainly presented in the form of three research articles, studying the impact
of i) apple maturation, ii) varietal effects andii SURFHVVLQJ RQ SXUHHYV WH]
FKDSWHU LV IRFXVHG RQ WKH LPSDFW R rés€archRaRiéHULD O R ¢
and Il), whereas the second one studies the impact of processing (research article Ill).
Exploration of process variables and a sensory study of contrasted apple purees are
also included in this part. A third chapter is dedicated to the comprehension of how
structural factors, altered by both raw material and process conditions, modulate apple
SXUHHYV WH[WXUH ,W DOVR GSEBUBPWNWHH PR D QAW SR UKL

and summarizes the mechanisms at a microstructural level.

The results are summarized in the conclusions and perspectives are given at the

end of the manuscript.

49



INTRODUCTION

Publications and participation in congresses

The main results of this work led to three research articles:

¥ Buergy, A., Rolland-Sabaté, A., Leca, A., & Renard, C.M.G.C. (2020). Pectin
modifications in raw fruits alter texture of plant cell dispersions. Food
Hydrocolloids, 107, 105962.

¥ Buergy, A., Rolland-SabDWp $ /HFD $ 5HQDUG & O
texture is independent from fruit firmness. (Submitted to LWT xFood Science

and Technology)

¥ Buergy, A., Rolland-Sabaté, A., Leca, A., Falourd, X., Foucat, L., & Renard,
C.M.G.C. Pectin degradation explains tissue fragmentation of fruits during
thermomechanical processes for puree production. (In preparation for

submission to Food Hydrocolloids)

Development of contrasted purees made it possible to collaborate with WP 1 of the
3,QWHUIDFHV’™ SURWAsIdSd/valdriced/inaRebearch article:

¥ Lan, W., Renard, C.M.G.C., Jaillais, B., Buergy, A., Leca, A., Chend, S.,
Bureau, S. Mid-infrared technique to forecast puree properties from raw apples:
a potential strategy towards sustainability and precision processing. (In
preparation for submission to Food Chemistry)

* & $SS

7ZR UHSRUWV ZHUH SUHSDUHG IRU WKH 3, QWHUIDFHV"™ SURN

% INTERFACES Deliverable 2.1 +Report on impact of drought stress, fruit load

and storage on plant tissue fragmentation (2018).

% INTERFACES Deliverable 2.2 *Report of modulation of apple puree texture
through process variables (2019).
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The results obtained during this PhD thesis allowed the participation in national and

international congresses through oral presentations:

¥ Buergy, A., Rolland-Sabaté, A., Leca, A., Le Bourvellec, C., & Renard, C.M.G.C.
Molecular size of soluble pectins in apple fruits is not affected by heat
processing into puree. 12t International Conference on Agrophysics. 17-19
September 2018, Lublin (Poland).

¥ Buergy, A., Rolland-Sabaté, A., Leca, A., & Renard, C.M.G.C. Modulation de la
texture et la fragmentation tissulaire de fruits lors de traitements thermiques en
interaction avec la matiére premiére et sa maturation : impact sur la texture des
purées. 1° colloque du GDR SLAMM. 12-15 November 2018, Hyeres (France).

% Buergy, A., Rolland-Sabaté, A., Leca, A., & Renard, C.M.G.C. Impact of
different pre- and post-harvest treatments of apple fruits on puree's texture and
on pectic polysaccharides. 12émes Journées du Réseau Francais des Parois. 14-
16 May 2019, Roscoff (France).

¥ Buergy, A., Rolland-Sabaté, A., Leca, A., & Renard, C.M.G.C. Modulation of
DSSOH SXUHHTV WH[WXUH W KRJUR & Y&g BrodedsiHgv24-%5D UL D E O |

November 2020, Avignon (France).

Some results were also presented as posters:

¥ Buergy, A., Rolland-Sabaté, A., Le Bourvellec, C., & Renard, C.M.G.C. Impact
of storage and process on the cell wall composition of apple purees.
Biopolymers. 29 November-1 December 2017, Nantes (France).

¥ Buergy, A., Rolland-Sabaté, A., Leca, A., Le Bourvellec, C., & Renard, C.M.G.C.
Modulating the texture of apple purees. 5" Summer Course Glycosciences. 24-
28 Juin 2018, Wageningen (The Netherlands).

| was happy that my work was further appreciated when | got a scholarship from the
Provence-Alpes- & {WH G+$]XU 3$&$ UHJILRQ LQ LQ IRUP RI D 3E
HQWUDQWH" H[FHOOHQFH VFKRODUVKLS IRULQWHUQDWLR
at the 12t International Conference on Agrophysics (17-19 September 2018, Lublin,

Poland), | obtained the 1%t price for the best oral presentation for young scientists.
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LITERATURE REVIEW - APPLE FRUITS

1. Apple fruits

1.1. Basic and economic data

Apple fruits, botanically referred to as pomes, are members of the Rosaceae family
whereby the cultivated apples (Malus x domestica Borkh.) are the most common type.
Their origin is supposed to be in Central Asia where they were first grown for human
diet around 8000 to 2000 BC. Via the Silk Road, apple seeds finally got to China and
Europe (Cornille, et al., 2012; Velasco, et al., 2010).

Today, apples are cultivated in all countries with temperate climate and they are, with
more than 85 million metric tons per year, one of the most produced and consumed
fruits all over the world (FAO, 2018). Behind China, Europe is the second largest apple
producer worldwide (Fig. 3). In Europe, Poland is the leading apple producer with
nearly four million metric tons in 2018, followed by Italy (2.4 million metric tons) and

France (1.7 million metric tons).

Others
34%

China, with Taiwan
46%

Fig. 3. Worldwide apple production in 2018.
Data from FAO (2018).
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Extensive breeding of apples led to more than 7000 cultivars with many different fruit
characteristics, affecting flesh texture, skin colour or taste. About 100 cultivars are
grown commercially, including the most popular cultivars Fuji, Delicious, Golden
Delicious, Gala, Granny Smith, ldared, Jonagold, Braeburn, Cripps Pink, Jonathan,
Elstar and Mclintosh (Jackson, 2003). In France, Golden Delicious (29%), Gala (20%)),
Granny Smith (10%), Fuji (4%) and Braeburn (4%) are the most produced cultivars
(ANPP, 2020).

The leading regions in French apple production are Provence-Alpes-Cote d'Azur
(25%), Midi-Pyrénées (16%) and Pays de la Loire (16%) as the climate conditions are
especially favorable (FranceAgriMer, 2015). Around 50% of the French apple
production are designated for fresh consumption, whereas 19% are processed. The
rest is exported (ANPP, 2020).

1.2. Fruit composition

With only 54 kcal/100 g, apples are low in calories (Anses, 2020). Their chemical
composition (Table 1) depends on the cultivar, maturity level, growing area, climate,

and cultural practices (Downing, 1989).

Table 1. Averaged composition of raw apples with skin.

Component g/100 g raw apple
Water 85.4
Carbohydrates 11.9
Therefrom monosaccharides 9.4
Therefrom fibre 2.5
Organic acids 0.5
Lipids 0.3
Proteins 0.3
Minerals 0.2

Data from Anses (2020).
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Apples mainly consist of water, followed by carbohydrates, comprising simple sugars
(monosaccharides), dietary fibre and starch. Starch is a polymeric carbohydrate that

counts as the major energy reserve in unripe apples. Starch is composed of amylose

DQG DP\ORSHFWLQ E RPWlkoSRuaitsPIMdinyloRe, those units are linked

LQ D OLQHDU-(ZAB\ JIONKRVLGLF ERQGV ZKHUHDV-(DRYORSHFW
OLQNHG JOXFRVH FKDLQV WK D W1 M8) bonHsU(P&ReE & HBErtof K U R X J K
2010). In apple fruits, the amylose content varies between 22 £26% depending on the

variety (Singh, Inouchi, & Nishinari, 2005). During fruit growth, apples accumulate

starch to a total amount of 3 #% (fresh weight). It is then gradually hydrolysed into

simple sugars, mainly fructose (6.0 g/100 g raw apple), glucose (2.0 g/100 g raw apple)

and sucrose (1.4 g/100 g raw apple), during ripening (Anses, 2020).

Apples are a good source of dietary fibre. In 2009, the CODEX Alimentarius
Commission defined dietary fibres as oligo- and polysaccharides that are resistant to
digestion by human enzymes. They are often classified in soluble (pectins) and
insoluble fibres (celluloses and hemicelluloses) but could also be grouped by their flow

behaviour, fermentation rate or binding potential (Gidley & Yakubov, 2019).

The total acidity of apples depends on climate and the length of the growing period
(Downing, 1989). Variations between cultivars are also considerable, with pH values
ranging from 3.4 to 4.2 and the average pH lying around 3.7 (Eisele & Drake, 2005).
With up to 90%, malic acid is the predominant acid in apples but citric, tartaric, lactic
and oxalic acid are also present (Wu, et al., 2007; Zhang, Li, & Cheng, 2010).

Apples contain low amounts of lipids, proteins and minerals. The main mineral is
potassium (119 mg/100 g raw apples with skin), followed by considerably less amounts
of phosphorus (14 mg/100 g), magnesium (6 mg/100 g) and calcium (5 mg/100 g)
(Anses, 2020).

The only vitamin with considerable amounts in raw apples with skin is ascorbic acid
(vitamin C) with an average content of 12.8 mg/100 g (Lee, Kim, Kim, Lee, & Lee,
2003). However, apples are rich in polyphenols. These secondary plant metabolites
consist RI SKHQRO VWUXFWXUDO XQLWVYV DQG DUH FRQVLGHU
environment, either as attractant for pollinators or in the defence against light or

pathogenic aggression. They are also potent antioxidants (Beckman, 2000).
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The major class of polyphenols in apples are flavanols (Fig. 4A). They comprise the
monomeric (+)-catechin (Fig. 4A1) and (-)-epicatechin (Fig. 4 A2) as well as their oligo-
and polymers, the procyanidins, and represent more than 80% of the total polyphenol
contentinapple /H U RXUYHOOHF HW DO RMG\AR 2V]PLD VN
Hydroxycinnamic acids (1 #31%) (Fig. 4D), flavonols (2 0%) (Fig. 4B) and
dihydrochalcones (0.5 £5%) (Fig. 4E) are also present in variable amounts, depending
on the cultivar. In red apples, anthocyanins (1%), the glycosides of anthocyanidins

(Fig. 4C) are additionally found.

Fig. 4. Chemical structure of common polyphenols in apples.

A: Flavanol; Ai: (+)-Catechin; Az: (-)-Epicatechin; B: Flavonol; C: Anthocyanidin;
D: Hydroxycinnamic acid; E: Dihydrochalcone. Framed polyphenols are members of

the flavonoid family.

Polyphenols are concentrated in the apple skin but also present in the flesh (Guyot,
Marnet, Laraba, Sanoner, & Drilleau, 1998; Le Bourvellec, et al., 2011). They are
responsible for the colour, flavour, taste and metabolic activity as well as enzymatic
browning when they come in contact with air oxygen. Furthermore, they are associated

with several health benefits in humans.
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1.3. Health benefits

Several studies show evidence that a long term consumption rich in plant-based food
helps to protect against cancer development and cardiovascular diseases (Bondonno,
Bondonno, Ward, Hodgson, & Croft, 2017; Wang, et al., 2014).

In apples, health benefits are not only linked to the high concentration of free
polyphenols (Sun, Chu, Wu, & Liu, 2002), but also to their high amount of dietary fibre.
Dietary fibres are not hydrolysed in the human small intestine but fermented by the
microbiota in the colon into short chain fatty acids. They consist predominantly of
acetate, propionate and butyrate and are supposed to protect against intestinal cancer
(Cummings, 1983). In addition, dietary fibres add bulk to the diet and the stool,
reducing appetite and constipation, respectively (Dhingra, Michael, Rajput, & Patil,
2012). Increased fibre intake was also associated with a reduction of several risk
factors for cardiovascular diseases such as blood pressure, cholesterol and overweight
(Lairon, et al., 2005).

The health benefit of polyphenols was a long time associated with their direct
antioxidative effect, able to inactivate free radicals in the human body. Recent studies
negate this as it is now well known that polyphenols are metabolised after ingestion
and that concentrations of polyphenols and their metabolites are not high enough in
human tissues and blood plasma to exhibit significant antioxidative activity in vivo (Del
Rio, Costa, Lean, & Crozier, 2010; Manach, Williamson, Morand, Scalbert, & Rémésy,
2005). Their interaction with the human colonic microflora is nhow considered more
important. Aprikian, et al. (2003) showed that dietary fibres and polyphenols in apples
are more effective together (whole fruit or pomaces) than separately (food
supplements). This seems to be due to the higher bioaccessibility of polyphenols when
linked to dietary fibres (Gidley, 2013). The ability of some polyphenols, especially
procyanidins, to bind to dietary fibre is well established (Le Bourvellec, Bouchet, &
Renard, 2005; Le Bourvellec, Guyot, & Renard, 2009; Renard, Baron, Guyot, &
Drilleau, 2001). Together, they pass through the small intestine and reach the colon,
where polyphenols are fermented into diverse phenolic acids (Bazzocco, Mattila,
Guyot, Renard, & Aura, 2008). They are either absorbed or help to increase the
number of beneficial microorganisms in the gut (Del Rio, et al., 2010; Tomas-Barberan,
Selma, & Espin, 2016). Several bioactive effects of the absorbed metabolites are now
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discussed in literature, including cell signalling and their ability to modulate the

synthesis of inflammatory mediators (Fraga, Oteiza, & Galleano, 2018).

1.4. Fruit development

Apples are so called accessory or false fruits, which means that the edible flesh does
not derive from the ovary but from the enlarged hypanthium of the flower (Esau, 1977).
This tissue connects sepals, petals and stamen and surrounds the floral ovary that

becomes the apple core during ripening (Fig. 5).

Remains of
Petals stamen and styles
g / \ Stamen Sepals
Stigma A R
/ , \
f o { Style \
QPG ‘ ———— Vascular bundle
Pistil \
N~
Ovary / |
Sepal Apple core J

Ovules / Seeds Y

Hypanthium / Apple flesh / = y |
Pedicel /

/,/— Apple skin

Fig. 5. Anatomy of an apple flower and a ripe apple.
Adapted from Duden (2017).
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Apple fruits reach maturation about 150 days after pollination (Denne, 1963). Cell
division dominates during the first period of fruit growth but ceases within three weeks
after pollination. Cell expansion (Bain & Robertson, 1951; Tukey & Young, 1942), and,
unlike other fruits, enlargement of air gaps between cells (Esau, 1977) then account
for fruit growth (Fig. 6). Cellular respiration is high in the beginning of fruit development
since a lot of energy is needed for cell division. The respiration rate then declines
before showing a pronounced increase that marks the beginning of ripening. At the
same time, ethylene is produced. This hormone controls the expression of ripening-
related genes and seems to be necessary to develop skin colour and typical flavor
components (Schaffer, et al., 2007). This sudden increase of cellular respiration and
ethylene production is typical for climacteric fruits. Also during ripening, accumulated
starch converts into simple sugars (Brookfield, Murphy, Harker, & MacRae, 1997) and
the flesh softens due to cell wall changes, induced by different enzymes (Toivonen &
Brummell, 2008).

Cell
division

Cell expansion Ripening

Fig. 6. Events during apple fruit development.
Adapted from Wills, McGlasson, Graham, and Joyce (2007). Continuous line
represents apple fruit growth, dotted line respiration rate and dashed line ethylene

production.
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1.4.1. Impact of fruit thinning

The final fruit size depends mainly on the cell numbers, which are produced during the
cell division period (Bain & Robertson, 1951). The fruit size can be increased when
some of the apple fruitlets are removed (fruit thinning) during the first period of apple
development. This can be done manually (hand thinning), or most commonly, by
chemical treatment. This improves the cell division rate (Goffinet, Robinson, & Lakso,
1995) as the tree expends its energy on the fewer remaining apples. As a result, they
grow larger and healthier. Depending on the apple cultivar and the thinning treatment,
cell expansion can also be improved by fruit thinning OLOLUO HW DO
Proctor, & Elfving, 1995).

1.4.2. Impact of irr igation

Cell expansion of apples occurs mainly by carbohydrate accumulation and water
uptake (Lakso, Robinson, & Pool, 1989; Pavel & Dejong, 1995). This explains why
deficit irrigation reduces the final fruit size (Ebel, Proebsting, & Patterson, 1993; Lotter,
Beukes, & Weber, 1985).

1.5. Parenchyma cells

The soft and edible flesh of fruits and vegetables is mainly composed of parenchyma
cells (Esau, 1977). These plant cells do not only store nutrients, but also digest and
metabolize them in order to gain energy and eliminate waste out of the cell to assure

the functioning of the larger organism.

Apple parenchyma cells are polyhedral in shape and highly heterogeneous (Fig. 7A).
Their morphology varies depending on the axis of observation, a phenomenon known
as anisotropy (Khan & Vincent, 1990). The size of apple parenchyma cells are
distributed over a wide range; cells immediately underneath the skin are small and
radially flattened with a maximal diameter of 50 um. Towards the apple core, cells
become radially elongated and size increases to diameters between 200 and 300 um
(Khan & Vincent, 1990).
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More recent studies confirm this range with size distributions between 50 and 150 pum
in the outer section of apple tissue (Galvez-Lépez, Laurens, Devaux, & Lahaye, 2012)
and up to 300 um, depending on the cultivar (Hou, et al., 2016). The volume of
individual cells also depends on the cultivar and ranges between 16 and 48 x 10° pm?3
(Smith, 1950; Volz, Harker, & Lang, 2003). Air spaces between individual cells are
observed in apple parenchyma tissue (Fig. 7A). The volume of these air spaces
accounts for 20 £27% of the volume of the apple tissue (Bain & Robertson, 1951;
Sterling, 1963).

Plasmodesma

| =

'} = ~X Plant cell wall
N\
‘[\S, = Cytoplasm

Vacuole

B

‘ Intercellular

air space

Fig. 7. Confocal laser scanning microscopy image of Fuji parenchyma tissue (A) and
a scheme of apple parenchyma cells (B).

Adapted from Hou, et al. (2016) and Mebatsion, et al. (2006). 1: Cell with smooth
outlines; 2: Cell with acute angles on the outline; 3: Incomplete cell on the border of
the image; 4: Cell in a different layer. The red arrow indicates an intercellular air space.

The main compartment of parenchyma cells is the large central vacuole (Fig. 7 B) which
occupies up to 80 190% of the total cell volume. It allows the cell to store water as well
as a variety of organic and inorganic substances such as sugars, organic acids,
proteins, several vitamins and mineral nutrients. Secondary metabolites like phenolic
compounds or terpenoids are also stored in the vacuole (Wink, 1997). The gel-like
cytoplasm surrounds the vacuole and contains different organelles. Microscopic
channels (plasmodesma) through the plant cell wall connect the cytoplasm of adjacent
cells in order to transport nutrients and to enable intercellular communication. The
cytoplasm creates a turgor pressure, which acts against the plasma membrane. Due

to the semipermeable character of the plasma membrane, osmosis is allowed.
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$ WKLQ WR Prigi® cglGvall Buirdunds this complex (Cosgrove, 2005).
The detailed function, components and structure of plant cell walls will be discussed in

the next section.
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2. Plant cell wall

2.1. Generalities

The plant cell wall is a complex macromolecular layer, which encloses the plasma
membrane. It forms a strong network, supporting the plasma membrane and
preventing it from bursting under the turgor pressure contained osmotically within the
cell (Cosgrove, 2005; Fricke, Jarvis, & Brett, 2000). It also provides a structural barrier
that helps to protect against pest and pathogen invasion (Darvill, McNeil, Albersheim,
& Delmer, 1980).

The cell wall of apple parenchyma cells consists of two layers, the middle lamella and
primary cell wall (Fig. 8). The colloidal middle lamella is situated between primary cell
walls of adjacent cells, holding them together and thus, ensuring cohesion of the tissue
(Thakur, Singh, & Handa, 1997). The middle lamella is almost only composed of pectic
polysaccharides, accompanied by proteins (Carpita & Gibeaut, 1993; Jarvis, 1984),
but without cellulose (Guillemin, et al., 2005; Knox, 2008). During cytoplasmic division,
it is the first cell wall layer that is formed, allowing room for expansion during growth
(Heredia, Jimenez, & Guillen, 1995).

Middle lamella

Primary cell wall

Plasma membrane [ e [

50 nm

Fig. 8. Scheme of a plant cell wall.
Adapted from Smith (2001).
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Primary cell walls are located between the plasma membrane and the middle lamella.
They are thin, flexible and non-lignified but thicken during cell growth and thus
represent the structural skeleton of the fruit (Gibson, 2012). Long microfibrils of
cellulose run through a hydrated matrix of hemicellulose and pectins (Carpita &
Gibeaut, 1993; Mohnen, 2008), allowing cell expansion during fruit growth (Cosgrove,
2005; Taylor, 2008).

The edible part of fruit parenchyma has, except conductive tissues, only a primary cell
wall (Gibson, 2012; Renard, 1989). Some other plant cells, for example in wood, also
have a secondary cell wall. This supplementary layer is synthesised between the
primary cell wall and the plasma membrane when cell growth has stopped (Cosgrove,
2005; Taylor, 2008). It is thicker than the primary cell wall and contains a higher amount
of cellulose but no pectins and proteins (Raven, Evert, & Eichhorn, 1999; Ridley,
O'Neill, & Mohnen, 2001). Furthermore, it is lignified (Heredia, Guillen, Jimenez, &
Fernandez-Bolanos, 1993; Jiménez, Labavitch, & Moreno, 1994), providing additional
strength and structural support to the plant and forming a barrier against pathogen

invasion (Wilson, Jarvis, & Duncan, 1989).

Two sorts of proteins are present in the plant cell wall, being enzymes and structural
proteins. Enzymes catalyse a series of chemical reactions that are important for cell
growth and fruit ripening. Structural proteins probably further strengthen the cell wall
and might be involved in regulatory pathways (Caffall & Mohnen, 2009). Structural
proteins are typically rich in hydroxyproline (Caelles, Delseny, & Puigdomenech,
1992), but high amounts of alanine, serine and threonine were also found (Showalter,
1993). Extensin and arabinogalactan proteins (AGP) are members of the
hydroyproline-rich glycoproteins. AGPs are anchored to the plasma membrane and
could be a good candidate to link the cell wall to the plasma membrane (Leszczuk,
Chylinska, & Zdunek, 2019).
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2.2. Plant cell wall polysaccha rides

Cellulose (15 #0% of cell wall dry weight), hemicelluloses (20 830%) and pectins (30
50%) are the three main classes of polysaccharides that have been detected in the
complex primary plant cell wall (Cosgrove & Jarvis, 2012; Fischer & Bennett, 1991;
Jarvis, 2011). Together, they make up about 80% of the primary cell wall of apple fruits
(Renard & Thibault, 1993). The remaining 20% are composed of proteins and phenolic

compounds.

2.2.1. Cellulose

Cellulose is an important structural and supporting polysaccharide of primary plant cell
walls. Due to its crystalline and para-crystalline structure, it is much more ordered than
any other component of the primary cell wall and thus provides both elasticity and tear
strength. Consequently, it affects textural characteristics of plant based food, such as
crispness of apple tissue (Cybulska, Zdunek, Psonka-Antonczyk, & Stokke, 2013;
Jarvis, 2011).

Cellulose microfibrils
in a plant cell wall
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Fig. 9. Chemical structure of cellulose.
Adapted from Pearson-Education (2005).

67



LITERATURE REVIEW - PLANT CELL WALL

From a structural perspective, a cellulose molecule (Fig. 9) consists of a linear chain
Rl VHYHUDO W KR XiwkKed)o=glucose units. Glucose chains form extremely
long and narrow cellulose microfibrils, each about 3 nm in diameter (Jarvis, 2011).
They are densely packed and thus extremely firm due to extensive intra- and
intermolecular hydrogen bonds, helping to exclude water from between cellulose
chains (Taylor, 2008).

2.2.2. Hemicellulose

Hemicelluloses are a very complex group of polysaccharides. They stabilize the
cellulose network in plant cell walls as they are able to cross-link cellulose microfibrils
by hydrogen bonds and, probably, other interaction mechanisms (Fujino, Sone,
Mitsuishi, & Itoh, 2000; Martinez-Sanz, Mikkelsen, Flanagan, Gidley, & Gilbert, 2017;
McCann, Wells, & Roberts, 1990). This results in cell strengthening and a high

resistance to enzymatic digestion (Cosgrove, 2005).

From a chemical point of view, hemicelluloses are branched polysaccharides with a
PLIHG VXJDU FRQWHQW MiKKRE h-QydanDsyl backbone that have the
O-4 in the equatorial position (O'Neill & York, 2003). The chemical structure of
hemicellulose molecules include mannose, xylose, glucose, galactose and arabinose

as the most important but not the only monomers (Ebermann & Elmadfa, 2011).

The detailed structure of hemicelluloses differs depending on plant species and cell
types. The most representative hemicelluloses found in primary cell walls of apples are
xyloglucans, glucomannans and arabinoxylans (Dheilly, et al., 2016; Ray, Vigouroux,
Quémener, Bonnin, & Lahaye, 2014; Voragen, Schols, & Pilnik, 1986b).

The backbone of xyloglucans (Fig. 10A) LV FRPSRVHG :RI OLQNHG
D-JOXFRVH UHVLGXHV PRVW RI ZKLFK DUH VXEVWLWXWHG |
xylose. The xylose residues are often connected to a galactose residue, which can be

followed by a fucose residue. In the primary cell wall of apple fruits,
fucogalactoxyloglucan is the main hemicellulose, showing a sugar molar distribution of
fucose:galactose:xylose:glucose of 1:1.5:3.5:7 (Renard, Voragen, Thibault, & Pilnik,

1990).

Glucomannans (Fig. 10B) consist of a chain of irregularly linked -1,4-mannose and

-1,4-glucose units (Heredia, et al., 1995).
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Arabinoxylans (Fig. 10C) VKRZ D EDFNERQH GRUQNHG [\ORS\UDQRVHYV
DUH PDLQO\ OLQNEHBL@RVH LQ WKH : RU : SRVLWLRC

residues can be acetylated.

Fig. 10. Chemical structure of xyloglucan (A), glucomannan (B) and arabinoxylan (C).

Ara: Arabinose; Gal: Galactose; Glc: Glucose; Man: Mannose; Xyl: Xylose.

2.2.3. Pectins

Pectins are a group of extremely complex and structurally diverse polysaccharides,
rich in covalently linked D-galacturonic acid. Their biosynthesis requires specific
nucleotide-sugar substrates and several glycosyltransferase enzymes. It is supposed
to occur in the Golgi apparatus since some pectin biosynthetic enzymes and active
sites were located in the Golgi (Geshi, Jgrgensen, & Ulvskov, 2004; Nunan & Scheller,
2003; Sterling, Quigley, Orellana, & Mohnen, 2001). Pectins may then be transported
by Golgi vesicles to the plasma membrane before insertion into the cell wall (Caffall &
Mohnen, 2009).

Depending on their composition, which differs between the middle lamella and the
primary cell wall (Jarvis, Briggs, & Knox, 2003; Selvendran, 1985), they exhibit different
functions. They affect not only mechanical properties of the plant tissue, but are also
implicated in defence mechanisms of the primary cell wall. Through several
interactions between themselves and other cell wall polysaccharides, they contribute
to intercellular adhesion and regulate cell wall porosity and water content (Bidhendi &
Geitmann, 2016; Caffall & Mohnen, 2009).
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Until now, three main pectic polysaccharides have been isolated from plant cell walls
and structurally characterized, comprising homogalacturonan, rhamnogalacturonan |
and substituted galacturonans (O'Neill, Albersheim, & Darvill, 1990; Visser & Voragen,
1996).

2.2.3.1. Structure
Homogalacturonan (HG)

HGs are the most abundant fraction, as they account for around 60% of pectin
molecules (Voragen, Coenen, Verhoef, & Schols, 2009). They are composed of a long,
OLQHDU F&-D L Q-dalacturonic acids (Fig. 11). HG stretches were estimated to
contain a minimum of 72 100 galacturonic acid residues (Thibault, Renard, Axelos,
Roger, & Crepeau, 1993). Some of the carboxyl groups in the galacturonic acid
backbone are methyl-esterified at C6, and can also be O-acetylated at O-3 or O-2 (Ishii,
1995, 1997).

Methyl esters O-acetyl ester

Galacturonic
acid residue

Fig. 11. The primary structure of homogalacturonan.

The degree of methylation (DM) of HG molecules is described as the proportion
between methyl-esterified galacturonic acids to 100 galacturonic acid residues. Apple
pectins possess a high DM, which means that more than 50% of the galacturonic acids
are methylated (Billy, et al., 2008; Fischer & Amado, 1994). The degree of acetylation
(DAc) describes the number of acetyl groups in 100 galacturonic acid residues. It is
rather low (2 #6%) in apples (Billy, et al., 2008; Voragen, Schols, & Pilnik, 1986a) but
can be up to 43% in sugar beet pectins (Levigne, Thomas, Ralet, Quéméner, &
Thibault, 2002).
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Depending on the DM, HG chains may self-associate; an unmethylated and negatively
charged C6 position of the HG backbone may ionically interact with calcium-ions to
form a stable gel with other HG molecules (Fig. 12) if more than 10 consecutive

unmethyl-esterified galacturonic acid residues are coordinated (Kohn & Luknar, 1977).

7KLY K\SRWKHWLFDO FRQIRUPEWRRIR G, Rdre,HBesHJJ

Smith, & Thom, 1973) but nobody has isolated this conformation so far. The anionic
cross-links between individual HG chains are discussed to be involved in cell wall
porosity and strengthening. In addition, HGs, together with some structural proteins,
are the sole pectin fraction present in the middle lamella. Especially low methyl-
esterified HGs were found in this region and could contribute to intercellular adhesion
via calcium cross-links (Ridley, et al., 2001; Thakur, et al., 1997; Wolf, Mouille, &
Pelloux, 2009).

Fig. 12. 3(JJE R{model induced by calcium cross-links of homogalacturonan

molecules.

In food industry, knowledge of the DM and DAc is crucial as the extent of methylation
and acetylation affects the gelling properties of pectins. Solutions of low methylated
HG SHFWLQV VWDUW JHOOLQJ ZLWK FDOfHRRodeR Bigh
methylated pectins need low pH and water activity to induce gelling. Low pH reduces
electrostatic repulsions through protonation of carboxylate residues, while low water
activity promotes chain-chain interactions. Dissolved sugars such as sucrose, glucose
or fructose are usually used to reduce water activity. High-methylated HGs then

assemble through intermolecular hydrogen bonds and hydrophobic interactions
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between methyl esters (Chan, Choo, Young, & Loh, 2017). This mechanism is, for
example, used in the production of jams.

The way in which the methoxy-esters are distributed over the galacturonan backbone

LV FDOOHG ®*GHJUHH RI EORFNLQ HDads, Meyer-Havserd, [SehoBslU R SRV H C
De Ruiter, and Voragen (1999) and describes the percentage of non-esterified mono-,

di- and tri- galacturonic acid residues, liberated from enzymatic degradation of pectin,

to the total number of non-esterified galacturonic acid residues in pectin. This
characteristic also influences the gelling properties of HG pectins (Chan, et al., 2017).

For example, high methylated citrus pectins show shorter gelation times when the

methyl esters are distributed in a blockwise way (Léfgren, Guillotin, Evenbratt, Schols,

& Hermansson, 2005).

7UDGLWLRQDOO\ WKH OLQHDU +*V DUH LOOXVWUDWHG DV
(Fig. 13 7KH 3KDLU\" UHJLRQV UHSUH¥ iQQgWnhdnughersud/dide |lUDFW L
chains (De Vries, Rombouts, Voragen, & Pilnik, 1982; Padayachee, Day, Howell, &
Gidley, 2017; Voragen, Pilnik, Thibault, Axelos, & Renard, 1995). They will be detailed

in the next section.

Fig. 13. 6FKHPH RI 3VPRRWK™ DQG 3KDLU\" UHJLRQV LQ SHFWLQ

Rhamnogalacturonan | (RG I)

RG | makes up about 20 £35% of the pectin molecule (Mohnen 2008). It exhibits a
EDFNERQH RI UmbtSHD-galaQuionic acid and .-.- : -linked rhamnosyl
residues (Fig. 14 A), present in a ratio of approximately 1:1 (Ridley, et al., 2001). The
alternating order of galacturonic acid and rhamnose residue LQGXFHYV D 3NLQN™ LQ

RG | backbone (Rees & Wight, 1971). In long sequences, however, the extended chain
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conformation of pectin is little affected since the kinking effects of consecutive
rhamnose units are cancelled out, leading to a loose spiral (Cros, Garnier, Axelos,
Imberty, & Perez, 1996; Pérez, Mazeau, & Hervé du Penhoat, 2000).

A variable portion (20-80%) of the rhamnosyl units are substituted at O-4 (mainly)
and/or O-3 (scarcely) with neutral or acidic oligosaccharide side chains (O'Neill, et al.,
1990). The extent and detailed structure of the lateral chains depend both on the pectin
source and the isolation method (Albersheim, Darvill, O'Neill, Schols, & Voragen, 1996;
Ridley, et al., 2001; Vincken, et al., 2003). The galacturonic acid residues are usually
not linked to lateral chains. However, a minor part of galacturonic acid (2%) was found
to be substituted with a single glucuronic acid in the RG | backbone of sugar beet pectin
(Renard, Crepeau, & Thibault, 1999).

The predominantsiGH FKDLQV DUH OLQHBDODRBELRRBRDQFXGREBVIO DQ
D-JDODFWRS\UDQRV\O UHMWLE G:X Hafabih&hd FigQld %V Rp-.  : -
galactans (Fig. 14 C), arabinogalactan | (AG 1) (Fig. 14D), arabinogalactan Il (AG II)
(Fig. 14E), and possibly galacto-arabinans (Fig. 14F) (Obro, Harholt, Scheller, &
Orfila, 2004; Tharanathan, Changala Reddy, Muralikrishna, Susheelamma, &
Ramadas Bhat, 1994; Yapo, Lerouge, Thibault, & Ralet, 2007). The galacturonic acid
residues in the RG | backbone may be O-acetylated on O-2 and/or O-3 (Komalavilas
& Mort, 1989). Although methylation of the RG | backbone is rare and unexpected as
this type of pectin is not G HJ U D G H&limih&tion (Kravtchenko, Arnould, Voragen, &
Pilnik, 1992), a fraction of flax RG | showed 40% methyl esters (Rihouey, et al., 1995).

RG | pectins are generally absent or in low amounts in the middle lamella, but high
amounts are found in the primary cell wall. There, they bind non-covalently to cellulose
(Zykwinska, Ralet, Garnier, & Thibault, 2005) and hemicellulose (Popper & Fry, 2005)
via their side chains. The close association of RG | side chains with the cell wall may
restrict the access of cell wall-modifying enzymes and thus improve the structural
integrity of the cell wall (Ng, et al., 2015). Actually, decreased amounts of RG | side
chains were shown to correlate positively with loss of apple fruit firmness (Lahaye,
Bouin, Barbacci, Le Gall, & Foucat, 2018; Pena & Carpita, 2004; Winisdorffer, et al.,
2015) and elevated levels of galactan side chains were associated with reduced cell
wall porosity (Ng, et al., 2015).
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Fig. 14. Structure of the RG | backbone (A) and examples of representative side chains

arabinan (B), galactan (C), arabinogalactan | (D), arabinogalactan Il (E) and galacto-
arabinan (F).

Ara: Arabinose; Gal: Galactose; GalA: Galacturonic acid.

Substituted Galacturonans

Substituted galacturonans posseVV WKH VDPH OLQHDWw-EDFMERQH RI
galacturonic acid residues as in HGs (O'Neill, et al., 1990). Unlike HG, the backbone
is decorated by several neutral sugars, which can lead to extremely complex pectin
fractions. Rhamnogalacturonan Il (RG Il), xylogalacturonan (XGA) and

apiogalacturonan are the most important substituted galacturonans.

The galacturonic acid backbone of RG Il is partially methyl-esterified at C6 and carries
six (A #) complex oligosaccharide chains consisting of 12 different glycosyl residues
in over 20 different linkages (Fig. 15). RG Il contains some rare sugars such as D-

apiose, L-aceric acid or L-galactose (Mohnen, 2008). Side chains comprise an
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octasaccharide, a nonasaccharide, both attached to the C2 position of some of the
galacturonic acid residues, two structurally different disaccharides and two
monosaccharides, all attached to C3 of the backbone (Hervé du Penhoat, Gey,
Pellerin, & Perez, 1999; Ndeh, et al., 2017; Vidal, et al., 2000).

Fig. 15. The primary structure of rhamnogalacturonan Il with side chains A #.

AceA: Aceric acid; Api: Apiose; Ara: Arabinose; Dha: 2-keto-3-deoxy-lyxo-heptulosaric
acid; Fuc: Fucose; Gal: Galactose; GalA: Galacturonic acid; GlcA: Glucuronic acid,;
Kdo: 2-keto-3-deoxy-manno-octulosonic acid; Rha: Rhamnose; OAc: O-acetyl ester;
2-O-Me Fuc: 2-O-methyl fucose; 2-O-Me Xyl: 2-O-methyl xylose.

Together with HGs and RG |, RG Il are found in the primary cell wall, where they exist
predominantly as RG Il dimers (Fig. 16). The apiosyl residues of side chain A in each
monomeric RG Il subunit can cross-link between the OH-2 and OH-3 position by a 1:2
borate-diol ester in a self-assembled process (Ishii, et al., 1999; Kobayashi, Matoh, &
Azuma, 1996; O'Neill, Ishii, Albersheim, & Darvill, 2004). The formation of two
diastereomers is possible (Fig. 16) although the natural occurrence of one or both is
not clarified (Ishii & Ono, 1999; O'Neill, et al., 1996). In vitro, the optimum pH for dimer
formation is between pH 3 and 4 (O'Neill, et al., 1996) and di- and trivalent cations with

an ionic radius higher than 1 A increase the reaction rate (Ishii, et al., 1999).
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Fig. 16. Borate 1:2 diol ester between apiosyl residues of two monomeric units of RG I
in two isoforms A and B.
Taken from Ridley, et al. (2001).

RG Il presents up to 10% of the entire pectic polysaccharide, but the ubiquitous
character of RG Il indicates that it must play a specific role in planta (O'Neill, et al.,
2004). Borate cross-links were shown to play a key role in normal plant growth and
development (O'Neill, Eberhard, Albersheim, & Darvill, 2001) and cell adhesion (lwali,
Masaoka, Ishii, & Satoh, 2002). The porosity of the pectic network could also be
affected by dimer formation (Brummell & Harpster, 2001).

In the cell walls of apples (Schols, Bakx, Schipper, & Voragen, 1995) but also in pea

hulls (Renard, Weightman, & Thibault, 1997) and carrots (Kikuchi, Edashige, Ishii, &

Satoh, 1996) DQRWKHU VXEVWLWXWHG JDODFWXURQD®R ;*$ LV
xylosyl residues are attached to the C3 position of the linear backbone composed of

.-D- . -galacturonic acid residues. In apples, the degree of xylosidation is around

75% in this specific fraction (Schols, et al., 1995).

Apiogalacturonans are rare and were only found in the primary cell wall of aquatic
plants of the subfamilies Lemnoideae (duckweed) and Zosteraceae (eelgrass).
Apiogalacturonans DUH UHSRUWHG WR FRQWDLQ VLGHWKEKDLQV RI
apiofuranose residues, which are attached to the backbone of .-D- : -galacturonic
acid molecules 