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In 2017, I took a gap and traveled all around Europe without even thinking of doing a PhD.

After this gap, I felt like regaining the courage to take on new challenges. And there started this four-year of adventure in France, Australia and China. This special and unforeseen journey taught me more than just science and gave me a lot of precious and priceless memories.

First, I am greatly indebted to

as a "see you later". All the joys and tears that we shared together would never fade away.

I believe that we'll meet in China, in Morocco or somewhere else in the world.

Anaïs, Mélanie and Lèna, it was so good to meet you, work with you and share one office.

I do regret that the four of us can't go to the restaurant due to the restrict control of going back to China in the Covid situation. But I believe we will catch up with each other in many other ways. Let me know if you travel to China one day. Zhenghan, it's really good to meet you at the very end of my thesis. Although it was just a short period, we had a lot of fun together. I wish you a very cool thesis' journey in the future.

Thank you my dear friends Haoran and Yanru for supporting me in distance. Not many friendships can survive the test of time and distance. I feel so lucky that we do.

Yudian, thank you for always being there for me. Your support and your company make these years special and unique. We both learned and changed in the meantime. Hopefully all the difficult and joyful moments will only make us grow up and make us strong.

Finally, I want to express my deepest appreciation to my parents. Thank you Mom for encouraging me to go abroad and explore the world in youth. You are the bravest woman in my heart and you are always and forever my best role model. Dad, I really miss your cooking. I am so sorry that I have not had much time to spend with you during these years.

But I'll make it up to you in the near future.

As for myself, I wish I could be more self-assured, embrace imperfection, keep critical thinking, an open-mind, and keep doing the self-reflection. I wish I could continue the journey like what my favorite movie quotes say: "It's never too late or, in my case, too early to be whoever you want to be. There's no time limit, stop whenever you want. You can change or stay the same, there are no rules to this thing. We can make the best or the worst of it. I hope you make the best of it. And L'amidon qui est un composant majeur de l'alimentation humaine et animale, est également une matière première importante pour l'industrie dans les secteurs alimentaire et non alimentaire (papier, textile, pharmacie…). La dégradabilité enzymatique est l'une des principales propriétés fonctionnelles de l'amidon natif car elle intervient dans différents processus biologiques du métabolisme des plantes, à la digestion chez les mammifères et dans de nombreux processus industriels tels que le maltage ou la production de bioéthanol.

Dans sa forme native, l'amidon se présente sous la forme de granules. Chaque granule présente un arrangement des polymères d'amidon avec deux niveaux d'organisation bien distincts, d'abord le niveau des composants macromoléculaires, l'amylose et l'amylopectine, constitués de chaines d'unités glucidiques, et l'ultrastructure du granule, soit les couches concentriques des anneaux de croissance amorphes et semi-cristallins qui composent le granule. De grands progrès ont été réalisés dans la compréhension de la structure de l'amidon au cours des dernières décennies. Cependant, il existe encore des lacunes de connaissance sur ce sujet, comme la localisation et le rôle de l'amylose ou l'organisation de l'amylopectine. On désigne par amylolyse le processus au cours duquel des enzymes de type glycosyl-hydrolases généralement nommées amylases, convertissent l'amidon en glucides solubles (glucose, maltose et autres oligomères). La cinétique de dégradation de l'amidon en sucre soluble est particulièrement sensible aux à la structure de l'amidon et c'est un sujet d'étude ancien pour la recherche, largement exploré et décrit dans littérature scientifique. Comprendre les relations entre la structure de l'amidon et sa dégradation par les amylases aide à cibler certaines modifications de l'amidon, en particulier visant à rendre cet amidon résistant à l'action des enzymes, et permet de mieux répondre aux diverses utilisations classiques ou à de nouvelles utilisations de l'amidon dans les procédés de fabrication d'aliments ou de matériaux. En général, la teneur en amylose, la distribution de la taille des chaînes d'amylopectine et le type cristallin sont les facteurs mis en avant pour expliquer la susceptibilité d'un amidon à l'amylolyse, c'est-à-dire sa propension à être dégradée.

Nous avons montré dans une revue systémique de la littérature 1 que les travaux traitant des relations "structure-dégradabilité" de l'amidon présentent souvent les mêmes limites concernant (i) le type/nombre limité d'échantillons étudiés et (ii) les méthodes pour caractériser les niveaux d'organisation de l'amidon à travers des facteurs forcément interdépendants et imbriqués. Les études sur l'amylolyse emploient souvent des amidons issus des mutants d'une même espèce de plante présentant des différences extrêmes pour certains aspects de l'organisation et de la composition (par exemple, le rapport amylose/amylopectine). Ces extrêmes se reflètent bien sûr dans les cinétiques d'amylolyse, mais ils sont aussi une simplification d'amidons issus des plantes sans mutation, pour lesquels aucun facteur pris individuellement ne domine clairement l'amylolyse. Par ailleurs, les nombreux facteurs structuraux qui ont été trouvé comme contribuant à la susceptibilité enzymatique de l'amidon sont souvent étroitement liés entre eux (la taille des granules, la présence de pores à la surface des granules, la teneur en protéines…).

L'identification des facteurs déterminant la vitesse de l'amylolyse est donc un défi car toute différence ou modification dans le granule d'amidon affecte généralement la structure globale et donc les résultats de l'amylolyse.

Dans ce contexte, l'objectif de cette thèse est de relever le défi mentionné ci-dessus en étudiant la relation entre la structure et la dégradation de l'amidon. Deux stratégies en particulier ont été mises en oeuvre pour aborder ce défi de façon innovante :

1. L'utilisation d'un grand nombre d'échantillons d'amidon provenant d'une population multi-parentale de blé, afin d'obtenir une variabilité « naturelle » de structures à partir de croisements entre cultivars et des conditions de croissance des cultures. La façon donc cette variabilité se reflète dans les cinétiques d'amylolyse, peut nous permettre d'identifier la ou les combinaisons de facteurs contribuant à la susceptibilité enzymatique de l'amidon en l'absence d'extrêmes dérivant des mutations ou des modifications ciblées.

L'application d'une analyse multifactorielle pour constituer des groupes d'échantillon

similaires ou de facteurs interdépendants. Le principe étant d'étudier les interrelations entre ces groupes et la dégradation de l'amidon.

La mise en place de cette stratégie a nécessité la mise en place d'une méthode de criblage de la dégradabilité de l'amidon à moyen débit afin de pouvoir étudier quelques centaines d'échantillons d'amidon. Nous ne reviendrons pas spécifiquement sur ce travail de développement expérimental, qui s'appuie sur des travaux existants.

Dans la suite de ce résumé trois parties sont exposées qui correspondent aux principales étapes de ce travail de thèse et aux principaux résultats obtenus sur : (i) l'analyse multifactorielle pour étudier les relations « structure-dégradabilité » de l'amidon de blé ; (ii) l'étude des propriétés structurales et la cinétique de l'hydrolyse des granules purifiés d'amidon de blé de type-A et de type-B ; et (iii) l'analyse détaillée des cinétiques d'hydrolyse sur des échantillons d'amidon de différentes origines et avec différents traitements afin de mieux comprendre les performances de dégradation. En outre, la démarche de mise au point du protocole d'hydrolyse de l'amidon est présentée en annex 1. Les hydrolyses enzymatiques ont été réalisées en microplaques avec 10 mg de l'amidon et 16 U/mL d'α-amylase pancréatique de porc (PPA). Le mélange a été incubé dans un thermomixeur à 37℃ pendent 1800 min. La cinétique d'hydrolyse a été suivie en prélevant des aliquots (15 μL) à 0, 20, 60, 120, 180, 240, 360, 1440 et 1800 min, et en mesurant l'apparition du pouvoir réducteur dans la solution par la méthode à l'acide 3, 5-dinitrosalicylique (DNS).

Analyse multifactorielle

Le taux de dégradation final des 224 amidons de la population MAGIC varie de 63,6 à 79,9 % (Fig. 1). L'amidon WWS a le taux final le plus élevé de 84,5 ± 4,2 %, tandis que le taux d'hydrolyse de l'amidon HAWS est de 57,4 ± 2,9 %. La méthode d'hydrolyse présente une sensibilité qui paraît suffisante pour discriminer les amidons de la population de blé MAGIC malgré des structures relativement proches. 

Cinétiques d'hydrolyse des amidons

Les mesures de pouvoir réducteur aux différents temps d'hydrolyse ont été ajustés par la fonction de Weibull afin d'extraire trois paramètres cinétiques :

𝑋 𝑡 = 𝑋 ∞ (1 -𝑒 -𝑘 𝑤 𝑡 1-ℎ )
Avec kw le coefficient du taux de réaction pour t = 1, h reflète l'évolution du coefficient du taux de réaction au cours du temps, et X∞ le niveau final de l'hydrolyse à t=+∞.

Les performances de l'ajustement de la courbe ont été évaluées par le R 2 ajusté et d'erreur standard résiduelle (RSE). Le R 2 ajusté indique dans quelle mesure le modèle peut expliquer la variabilité des données cinétiques. Les valeurs du R 2 ajusté sont de 0,996, 0,992 et 0,992 en moyenne, respectivement pour les amidons de la population MAGIC et les amidons témoins WWS et HAWS (Tableau 1), ce qui reflète une captation élevée de la variabilité des mesures avec la fonction Weibull. Le RSE estime l'écart type de l'erreur, qui indique dans quelle mesure la courbe ajustée écarte d'un modèle « idéal » d'erreur nulle. Ici le RSE est en moyenne de 1,29 %, 2,04 % et 1,36 % respectivement pour les amidons de la population MAGIC, et les témoins WWS et HAWS (Tableau 1). On notera que l'erreur et le RSE sont plus élevés pour les niveaux d'hydrolyses finaux. 

Analyse multivariée

Une analyse multivariée a été utilisée pour étudier les relations entre la structure et la dégradabilité des amidons de blé. Pour générer des variables indépendantes, une analyse en composantes principales (ACP) a d'abord été réalisée sur les propriétés structurales (la teneur en amylose, la distribution de la longueur des chaînes d'amylopectine, la distribution de la taille des granules et les activités α-amylase). Ensuite, une classification hiérarchique a été réalisée sur les composantes de l'ACP afin de grouper les échantillons d'amidons par similarité de structure et de composition et d'explorer les relations potentielles entre la structure et la dégradabilité de l'amidon. Cette classification a permis d'établir le dendrogramme (ou l'arbre) de la Fig. 2. Tous les groupes d'amidons obtenue par un partionnement entre deux et trente groupes ont été examinés de façon systématique (Fig. 2). Ceci nous a permis d'identifier les groupes présentant des co-occurrences de paramètres cinétiques (k, h et X∞) et de caractéristiques des amidons différents de la moyenne à l'aide d'un test statistique. influencé de la même manière que <kw, h> par le rapport S/L (soit le ratio des proportions de chaînes DP 6-24 et DP et le rapport A/B (Fig. 3). Dans ce cas, nous suggérons que certaines lignées de la population MAGIC ont à la fois un amidon avec plus de granules de type-A et relativement plus de chaînes de DP 6-24 que la moyenne générale. Malgré la possibilité que des caractéristiques structurales supplémentaires et non mesurées puissent également contribuer à l'hydrolyse (par exemple le contenu en protéines et en lipides des granules, la présence de pores et de canaux...), nos résultats suggèrent que la distribution de la taille des granules et la distribution de la longueur de la chaîne d'amylopectine sont des facteurs importants pour sélectionner des amidons avec des profils d'hydrolyse différents.

La teneur en amylose de la population MAGIC varie entre 23,8 et 33,5% et n'a pas agi comme un facteur prédominant sur la dégradabilité enzymatique par rapport à la distribution de la taille des granules et de la longueur de la chaîne d'amylopectine. Nos résultats ont toutefois montré une co-occurrence limitée, mais significative, entre l'augmentation de la teneur en amylose et la réduction du coefficient de vitesse d'hydrolyse.

Etude de l'hydrolyse d'amidon purifié

Caractérisation des structures

Dans l'étude sur la population de blé (MAGIC) (section 2), le ratio entre granules de type A et B (A/B) a été identifié comme un facteur ayant un effet important sur les cinétiques d'hydrolyse.

Pour mieux comprendre cet effet, deux amidons de blé normaux, N1 (cultivar Apache), N2 La taille des granules a par ailleurs été mesurée avec un granulomètre laser. Les deux fractions distinctes attendus ont pu être identifiées sans ambiguïtés pour le N1 et le WAXY. Pour tous les cultivars de blé, les amidons natifs contiennent de 82,3 à 97,3 % de granules de type-A avec une petite proportion, < 18 % en volume, de granules de type-B (Tableau 3). L'amidon N2 présente la plus faible proportion de granules de type-B (2,7 %) et l'amidon WAXY la plus forte proportion (17,7 %). La méthode de sédimentation permet d'obtenir une première fraction onstituée de granules de type A hautement purifiés (> 99,4 %), tandis que l'autre fraction est principalement constituée de granules de type B, excepté pour N2, avec une contamination forte par des granules de type A représentant de 21,7 à 57,8 % de la fraction (Tableau 3). Les propriétés thermiques de l'amidon ont été étudiées par analyse enthalpique différentielle (DSC). Les thermogrammes de tous les types d'amidon (à l'exception du WAXY) présentent des profils similaires avec deux pics distincts : un premier pic est observé autour de 60°C et correspond à la fusion des cristallites d'amylopectine tandis que le second pic autour de 100°C correspond à la dissociation des complexes amylose-lipide. Les paramètres de transition enthalpique sont présentés dans le Tableau 5. Les enthalpies de gélatinisation (∆H1) reflètent la cristallinité de l'amidon. L'amidon WAXY présente les ∆H1 les plus élevées (11,8 -13,0) alors que l'amidon HAMY présente les plus faibles (4,2 -5,0). A-N1 présente une enthalpie ∆H1 plus élevée que B-N1, alors qu'aucune différence n'est observée entre les fractions pour les autres amidons. Pour le 2 ème pic, la fraction riche en type A présente toujours une enthalpie (∆H2) inférieure à celle de la fraction riche en type-B correspondante. Aucun pic de dissociation du complexe amylose-lipide n'a été détecté pour l'amidon WAXY en raison de sa teneur négligeable en amylose. La différence de température a été calculée par Tc -T0 qui reflète l'hétérogénéité des cristallites.

Tableau 5

Paramètres de transition DSC des amidons non fractionnés et isolés. On notera le cas spécifique pour h = 0. Dans ce cas kw est indépendant du temps et devient la constante de vitesse de réaction (ke), dont la valeur est donnée par :

Analyse des corrélations et classification

𝑘 𝑒 = 𝑒 -𝑏 𝑎 (Eq.2)
Il semble donc que les paramètres kw et h soient intrinsèquement liés, et que les analyser séparément ne serait pas pertinent. Par la suite nous analysons l'évolution du couple <kw, h>.

Facteurs influençant le coefficient de vitesse de réaction instantanée (kw, h)

Source botanique

Les 

Extrusion et cryobroyage

Pour modifier la surface spécifique des échantillons afin d'affecter de manière ciblée la cinétique de l'amylolyse, quatre échantillons d'amidon extrudé de pomme de terre, issus de précédents travaux, ont été étudiés. Ils comprennent de l'amidon extrudé sans glycérol (PSG0) et avec glycérol (PSG20). RECG0 a été obtenu à partir de la recristallisation de PSG0. WXG0 a été obtenu à partir de l'extrusion de de pomme de terre waxy. L'amidon de pomme de terre granulaire (PS) est utilisé comme référence. Un cryobroyage est appliquée sur ces matériaux pour comparer l'hydrolyse en " bulk " sous la forme d'un morceau de jonc extrudée de quelques millimètres d'une hydrolyse en " poudre " obtenue par cryobroyage. La taille moyenne des particules après cryobroyage est de 42-360 µm, ce qui représente une surface accessible considérablement plus grande pour les enzymes qu'un morceau de jonc extrudé. L'amidon de pomme de terre natif, noté PS, a également été broyé, noté PSG. 

Analyse du modèle « hk »

Les résultats précédents montrent que la variabilité des valeurs de <kw, h> peut être modélisée par un modèle de régression, ce qui signifie que kw et h sont covariant pour un amidon donné.

Il est possible d'utiliser ce modèle de régression pour simuler un coefficient de vitesse de réaction instantanée (𝑘 𝑎𝑝 ̂) remplaçant h dans la fonction puissance proposée par Kopelman (1988) 2 pour simuler un coefficient de réaction apparent (Eq.3) avec l'Eq.1 : 𝑘 𝑎𝑝 ̂ dépend principalement des propriétés de surface de l'amidon, qui influencent la diffusion et l'adsorption initiale de l'α-amylase sur le substrat. Au fur et à mesure de l'hydrolyse, d'autres propriétés structurales de l'amidon doivent devenir plus déterminantes puisque 𝑘 𝑎𝑝 ̂ tend à atteindre avec le temps une valeur spécifique (ke) qui serait la même pour l'échantillon en bulk ou broyé. Cela renforce l'hypothèse selon laquelle ke reflète les propriétés inhérentes et "stables"

de la matière amylacée, comme la structure macromoléculaire.

Conclusion

Pour conclure, 

General introduction

Starch is an important raw material for industries that covers a wide range of uses in both food (nutrition, animal feed) and non-food (paper, textile, medicine, bioethanol) sectors. Degradation is one of the important functional properties of starch. Although starch is generally being processed and/or cooked before human consumption, investigating native starch degradation can help improve our understanding of starch granular composition and its biosynthesis pathways. Besides, it could also serve as a means of discrimination for selecting suitable starch cultivars. As native starch exhibits the most complex granular structure, studying the degradation of native starch is favorable for developing a generic method of discrimination that could be further applied on modified starch.

Starch granules exhibit a hierarchical structure that ranges from the molecular to the granular scale. Great progress has been made in understanding starch structure during the last decades.

However, there are still some knowledge gaps regarding this subject, such as the location and role of amylose or the controversial organization of amylopectin. The investigation of "structure-degradability" relationship is an age-old issue for the research, widely explored and described in publications and review papers. Generally, factors such as amylose content, amylopectin branch-size distribution and crystallinity type are put forward to account for the susceptibility of a given starch to degradation. The rationale for the focus on these factors in the study of amylolysis is historical, technological and genetic.

In addition to the incomplete understanding of starch structure, the challenges that we face today in studying the "structure-degradation" relationship of starch also include (i) the limited type/number of samples analysed in most studies, and (ii) the deeply intertwined structural features. Firstly, in many studies, mutations with dramatic effects on starch structure (e.g. amylose/amylopectin ratio) have been exploited to reveal structure-degradability relationships.

While those extreme mutations certainly drive changes in amylolysis, they may not reflect the role of their affected parameters in a non-mutated background. Secondly, many factors that have been reported to contribute to the starch enzymatic susceptibility are deeply interrelated such as granule size, presence of pores at the granule surface, lamellar distance, protein content.

The identification of the rate-determinant factors of the amylolysis is challenging as any difference or modification into the features of starch granule generally affects the overall structure and then the results of the amylolysis.

In this context, the objective of the thesis is to developpe a screening method for starch enzymatic degradability in large sample sets and to study the relationship between structure and degradation. Two strategies were applied: (i) using a large number of starch samples from the same population in order to avoid large differences in structural features, and (ii) applying multifactorial analysis to deal with the intertwined structural features and reveal the probable The following chapters describes the main results obtained during this thesis and are presented in the form of three publications:

-Chapter II reports on the screening method for starch degradability and the most influencing structural factor(s) for starch degradability revealed by multifactorial analysis. (Accepted for publication in « Carbohydrate Polymers »)

-Chapter III presents the detailed structural properties and hydrolysis kinetics using fractionated starch granules of four wheat starch, selected in an attempt to confirm Chapter II findings.

-Chapter IV is a follow-up analysis on the kinetics of starch degradation in order to get a better understanding of the hydrolysis performances with the help of a kinetic model.

At the end of the manuscript, a general conclusion and perspectives are develop

Chapter I

State of the art Section 1: Starch structure

Native starch is present in the form of granules made of concentric alternating amorphous and semi-crystalline growth rings of carbohydrate polymers. While this general organisation is common across the plant kingdom, the overall shape size and the polymers organisations vary greatly with the botanical origin (Bertoft, 2017).

The starch granule can be described through organisational levels from granular level (1~100 μm), the growth rings (100~400 nm), blocklets (10-300 nm), the crystalline and lamellar structure (9~11 nm) to the chemical structure of starch polysaccharide constituents (~1 nm), as shown in Fig. 1 (Bertoft, 2017). This hierarchical structure will be presented in detail in the following parts. 

Constitutive molecules (1 nm)

Starch comprises two polymers of glucose residues: amylose and amylopectin, which made up 98-99% of the dry weight of native granules (Copeland et al., 2009). Both amylose and amylopectin are essentially composed of linear long chains of α-(1,4)-linked glucosyl units with α-(1,6)-branched points (Hizukuri et al., 1981).

Amylose

Amylose is essentially linear with less than 1% α-(1,6)-branched points (Fig. 2) and is the small fraction that generally account for less than 30% of total starch. The degree of polymerization (DP) is 1000-10,000 glucose units (Mw: 10 5 -10 6 Da) on average for amylose (Copeland et al., 2009). Amylose chains form both single and double helices and it exists in two different forms in native starch, namely the free amylose and amylose-lipid complex. The complex could either be crystalline or amorphous according to the condition of formation (Godet et al., 1996). The amylose content shows a large variation according to plant resources (Table 1). Although a large fraction of amylose is found in amorphous layers while few units are associated with amylopectin within the crystalline layers, the precise location and role of amylose is still not fully understood. 

Table 1

Amylose content of cereal starches (Buléon et al., 1998). The DP of amylopectin might exceed one million (Mw: 10 7 -10 9 Da) (Copeland et al., 2009).

The amylopectin chain length distribution is often determined by chromatographic separation after enzymatic debranching by isoamylase and is mainly constituted with short (S) and long chains (L), but can also contains extra-long chains (Bertoft, 2017). S-chains are subdivided into two groups: A-chains (DP 12-16) and B1-chains (DP 20-24); L-chains are subdivided into B2chains (DP 42-48) and B3-chains (DP 69-75) (Hizukuri, 1986). All chains are linked to a single stem chain (C-chain) that carries the reducing end of amylopectin. A-chains contain no more substitutions while B-chains (B1, B2, B3) and C-chain are substituted with other chains (Peat et al., 1952). The organization of the different type of chains is depicted in Fig. 4. 

Organization of amylopectin chains

The organisation of amylopectin chains is an ongoing research and is generally represented with two models, namely the conventional cluster model and the novel building block backbone model. In the cluster model described by Nikuni (1969) and French (1972), short chains of amylopectin form clusters while long chains interconnect the clusters (Fig. 5a). Although the cluster model is widely accepted, it does not match with some recent findings and a building block backbone model was proposed by Bertoft (2013). In this new model, L-chains of amylopectin are interconnected to form a long backbone and is most likely embedded in the amorphous region (Fig 5b) instead of traversing the alternative semi-crystalline and amorphous layers (Fig. 5a) (Bertoft, 2017). The so-called building blocks are divided into the internal and external ones that correspond to the branched structural units encircled in grey and blue, respectively. Starch also contains a small amount of minerals. Phosphorus, calcium, potassium, magnesium, and sodium were major minerals found in potato and maize starches, and the mineral content was found to decrease with an increase of granule size (Dhital et al., 2011). The phosphorus is more abundant in potato starch either in the form of phospholipids or phosphate monoesters (Wang, 2020). The phosphorus content has been shown to affect some important physicochemical properties such as pasting properties, gel strength and clarity, stickiness and viscosity (Xu et al., 2017). Potato starch which possesses high natural degree of phosphorylation, is of interest for industries because it avoids the use of environmentally unfriendly chemical processes (Singh et al., 2008).

Crystalline structure

The ordered molecular structure of starch are attributed to the crystallites, which are the packing of double helices formed by amylopectin side chains of DP 10-20 (Bertoft, 2017). There are two basic polymorphic types of crystalline structures in native starch, the A-type encountered mainly in cereal starches and the B-type found in tuber starches or high amylose maize variants.

These two types of crystallites differ in the packing of double helices and the number of water molecules. A-type crystallites are made of double-helices of amylopectin chains ordered in a monoclinic unit cell with eight water molecules, while B-type crystallites are made of doublehelices ordered in a hexagonal unit with 36 water molecules (Buléon et al., 1998), as represented in Fig. 6. 

Lamellar structure (9-11 nm)

The crystalline and amorphous layers stack together to form the repeating semi-crystalline lamellae (Fig. 8). The repeat distance is 9-11 nm as revealed by small-angle X-ray scattering (Blazek et al., 2009), of which the crystalline lamellae counts for 4-6 nm and the amorphous lamellae counts for 3-6 nm (Bertoft, 2017). Despite the various proportion of the amorphous/crystalline lamellae, the periodicity of 9-11 nm appears to be a universal feature in native starch structure (Jenkins et al., 1993). In waxy maize starch, the amorphous lamellae have been found to be thicker compared with normal maize starch, while the crystalline lamellae are thinner (Jenkins & Donald, 1995). In the semi-crystalline lamellae, the crystalline lamellae are mainly formed by double helices of amylopectin side chains with minor amylose contribution, while the amorphous lamellae contains amylose with amylopectin branch points (Wang, 2020) as shown in Fig. 8. Amylose, amylopectin chains with DP < 13 and DP 25-36, disordered ends of double helices and unpacked double helices could be considered as defects and show destabilizing effect on crystalline lamellae (Koroteeva et al., 2007). 

Blocklets (10-300 nm)

In high-resolution scanning electron microscopy, starch grains show small and more or less spherical aggregates on their surface, which are called blocklets. The size of blocklets varies according to starch origin from 10-50 nm for wheat starch granules to 50-300 nm for potato starch granules (Baldwin et al., 1998). The blocklets present in the amorphous layers are smaller than the blocklets present in the crystalline layers. Two types of blocklets have been suggested by (Tang et al., 2006), namely the "normal" and "defective" blocklets that form respectively the hard and soft shells. These two types of blocklets are then supposed to construct either in heterogeneous or homogenous shells (Fig. 9). Homogenous shells contain regular stack of soft shell and hard shells. The amylopectin is believed to play the main role in blocklets, while the amylose might also participate in the structure as a minor constituent or an interconnecting material (Bertoft, 2017;Tang et al., 2006). 

Growth rings (100~400 nm)

The growth rings, as shown in Fig. 10, refer to the packing of the alternative semicrystalline layers and amorphous regions (Donald et al., 2001) that range from 100 to 400 nm according to different botanical origins. Granular rings are generally thinner at the granular periphery and thicker in interior. The semi-crystalline layers are formed by alternating crystalline and amorphous lamellae, while the amorphous regions contain mainly the extended amylopectin chains that interconnect the crystalline regions, branch points of amylopectin, and interspersed amylose (Wang, 2020). Compared to the semicrystalline layers, the amorphous regions are looser and more uniform with a width ranged from approximately 60 to 80 nm (Wang et al., 2012). Around the granule hilum, the randomly coiled amylose and the disordered reducing ends of amylopectin assemble, forming what is called the bulk amorphous core (Fig. 10c). The size of the amorphous core area was found to increase with amylose content [START_REF] Li | The structural organisation of the gene encoding class II starch synthase of wheat and barley and the evolution of the genes encoding starch synthases in plants[END_REF]. 

Granule morphology

Granule size

Starches from different botanical sources have various morphology including granule size, shape and surface properties. Starch granule diameter commonly ranges from 1 μm to 100 μm (Jane et al., 1994), while some could even be less than 1 μm across plant kingdom (Ral et al., 2004). Particle size of cereal starch granules are represented in Table 3. The granule size distribution can be either unimodal with a single predominant granule type, in maize, potato and pea starches, or bimodal with two granule types (A-and B-type granules) or more (C-type granules) in barley, wheat, triticale, and oat starches (Buléon et al., 1998;Ao & Jane, 2007).

Particle size distribution is widely measured by laser light diffraction methods because of their efficiency and the small amount of sample required (Cornell, 2004). Fig. 11 shows a common granule size distribution by volume of wheat starch measured by such method. One major peak was detected representing the large A-type granule fraction, whereas two minor peaks appeared to be the small B-type and tiny C-type granule fractions. The A-and B-type granules differ in their structural compositions. Thus, granule size distribution is regarded as an important indicator for cereal starch end-uses as the physicochemical and functional properties of cereal starch are an "average" of features of both granule fractions (Agama-Acevedo et al., 2018).

Pores and channels

Many cereal starches granules, such as maize and rice starch, exhibit surface pores of 0.1-0.3 μm in diameter and serpentine interior channels that are radially oriented with a diameter of 0.07-0.1 µm (Huber & Bemiller, 2000). Pores along the equatorial groove of large granules of wheat (Fig. 12), barley and rye starch have been detected (Huber & Bemiller, 2000). These characteristics can be used in chemical modification for a better penetration thus a higher reaction efficiency. 

ADP-glucose pyrophosphorylase (AGPase)

The adenosine 5-diphosphate glucose (ADP-glucose) is the soluble precursor and substrate for starch synthases (Recondo & Leloir, 1961) and is synthesized by ADP-glucose pyrophosphorylase (AGPase) as follows:

Glucose 1-phosphate + ATP ↔ ADP-glucose + PPi

As the first committed step in the biosynthesis of both transient starch in chloroplasts and chromoplasts, and storage starch in amyloplasts, the AGPase reaction is affected by different mechanisms of post-translational regulation (Tetlow, 2011). AGPase from higher plants consists of two large subunits and two small catalytic subunits encoded by multiple genes (Preiss & Sivak, 1996). The AGPase is considered as the major control point for starch biosynthesis in plants (Buléon et al., 1998) and is closely related to starch yield. Early in 1966, it has been found that defects in AGPase maize mutants exhibited a 70% reduction in starch content (Tsai & Nelson, 1966). Many experiments have shown that both up-and downregulation of AGPase resulted in increases and decreases of starch biosynthesis rates (Buléon et al., 1998).

Starch synthases (SS)

In cereal endosperm, six classes of SS have been identified, namely granule-bound starch synthase (GBSS), SS I, SS II, SS III, SS IV and SS V [START_REF] Li | The structural organisation of the gene encoding class II starch synthase of wheat and barley and the evolution of the genes encoding starch synthases in plants[END_REF] The functions of the different enzymes are resumed in Fig. 14. IIb in rice and maize starch results in high amylose content, whereas its suppression in wheat and barley only showed a minor effect (Regina et al., 2006(Regina et al., , 2010)). For cereal starch such as wheat and barley, it is the SBE IIa that is more important for increasing the amylose content.

When both SBE IIa and IIb expressions were reduced, starch with much higher amylose content could be obtained (Regina et al., 2010).

Starch debranching enzyme (DBE)

DBE hydrolyses the -(1-6) glycosidic bonds and is important in trimming amylopectin branches (Myers et al., 2000). Two types of DBE have been identified which are types of isoamylase and pullulanase (Doehlert & Knutson, 1991). The isoamylase-type DBE hydrolyses the branches of amylopectin and phytoglycogen, while the function of pullulanase-type DBE is less understood (Wang et al., 2014). Pullulanase-type DBE plays multiple functions and participates in both starch biosynthesis and degradation in maize (Dinges et al., 2003). Two models for defining the function of DBE in starch synthesis, namely the "glucan-trimming" model and the "clearing" model have been proposed (Tetlow, 2011). In the glucan-trimming model, DBE is important for cleaving branches which prevent crystallization of amylopectin molecule, thus facilitating the formation of double helices. The other "clearing" model proposes that DBE removes soluble glucans (substrates for SS and SBE) from the stroma and prevents the accumulation of phytoglycogen (Tetlow, 2011).

Others

Starches such as wheat, barley and oat possess two types of granules: the large A-type and small B-type granule. The biosynthesis of these two granules occurs at two different stages of development (Buléon et al., 1998). A-type granule initiates during the first four days after flowering (DAF) while B-type granule initiates later at approximately ten DAF (Bechtel et al., 1990). BGC1 (B-granule content 1) gene is responsible for the B-type granule content in Aegilops and wheat by repressing the initiation of A-type granule in early grain development but promotes the initiation of B-type granule in mid grain development (Chia et al., 2020).

Section 3: Starch degradation by alpha-amylases

Action of α-amylase

Different types of enzymes such as glucosidase, isoamylase, glycosyl-transferase, β-amylase and α-amylase can catalyse the chemical degradation of starch. Alpha-amylase (E.C.3.2.1.1), the most common amylolytic enzyme, can be obtained from different sources including bacteria, fungi, plants and animals and exhibits different hydrolysis profiles (Planchot et al., 1995).

Alpha-amylases isolated from pancreas or salivary glands are widely used in starch digestion research studies, often in combination with fungal amyloglucosidase (Zhang et al., 2013(Zhang et al., , 2015) ) to convert the amylolysis products into glucose.

Alpha-amylase catalyses the hydrolysis of α-(1,4) glycosidic bonds in starch polymers in an endo-acting fashion (MacGregor, 1988). The final hydrolysis products are mainly maltose, maltotriose, maltotetraose, α-limit dextrins containing one and two α-(1-6) linkages and also glucose (Robyt, 2009). It should be noted that glucose is not the primary product under the action of α-amylase, but a product yielded by the secondary hydrolysis of maltotriose, maltotetraose and branched dextrins (Robyt, 2009).

Different action patterns of α-amylase on starch have been proposed: (i) single chain attack, (ii) multiple attack (or processive attack), (iii) multichain attack and (iv) preferred attack. These action patterns are represented in Fig. 15. In the single chain action (Fig. 15a), once the enzyme associates with a substrate, it works in a "zipper" fashion toward one end of the chain (Robyt & French, 1967). It does not form an active complex with another substrate before coming to the end of the first chain. In the multichain attack action, enzyme hydrolyses only one bond per effective encounter with the substrate (Fig. 15b). The multiple attack action is a combination of single chain and multichain actions (Fig. 15c). Once the enzyme forms a complex with the chain, it can hydrolyse several bonds before it dissociates and forms a new active complex with another polymer chain (Robyt & French, 1967). For each complex, only one of the starch chains is released from the active site after hydrolysis, while the other chains still retain with the enzyme, slides along the active site to undergo further hydrolysis. The direction of multiple attack action is towards the non-reducing end of the substrate (Robyt & French 1970). In the preferred attack action, the encounter of the enzyme with its substrate leads to a single hydrolysis (Fig. 15d), with both molecules being released after the catalytic event. Not all bonds are equally susceptible to enzymatic hydrolysis. In particular, bonds close to the chain ends and/or presumably near the branching points are more resistant to hydrolysis (Bijttebier et 

Starch hydrolysis

The starch enzymatic hydrolysis is a heterogeneous reaction as the catalytic act takes place at the interface between the solid phase (starch) and the liquid phase that conveys the enzyme. It involves different steps including the initial diffusion of enzyme through the different levels of starch organisation (Fig. 16) followed by the adsorption on the surface (formation of enzymestarch complex) and finally the hydrolytic event (Colonna et al., 1992). Various methods have been proposed to monitor and to interpret the enzymatic digestion of starch. 

Diffusion

In the case of starch heterogeneous hydrolysis, the diffusion of the enzyme is the first and ratelimiting step linked to the nature of amylases and the accessibility of starch. The presence of constituents such as lipids, proteins and soluble fibres can increase viscosity, thus results in lower diffusion rate of the enzyme towards starch. The accessibility of starch to amylases can be affected by the presence of plant walls and protein networks that establish a physical barrier reducing the specific surface area and limiting the access of enzymes.

Adsorption

Native starch granules are much larger in size compared with the α-amylase molecule, thus providing a favourable target with many potential binding sites for the enzyme (Butterworth et al., 2011). The second step of enzymatic hydrolysis is the adsorption of enzyme, during which forces are established between the two entities, leading to the formation of the enzyme-substrate complex. This is a necessary step and directly precedes the hydrolysis of the crystal structures (Leloup et al., 1992).

The adsorption of the enzyme on a crystalline substrate (amylose spherulite) involves energies of -21 kJ.mol -1 (Leloup et al., 1991), which is lower than that obtained when the substrate is soluble (-30 kJ.mol -1 ) (Seigner et al., 1987). One hypothesis put forward to explain this phenomenon is the adsorption of the enzyme at a limited number of subsites (Leloup, 1989).

Indeed, in the case of a crystalline structure, the flexibility of chains is reduced due to the formation of double helix. The attachment of one glucose unit at each enzyme subsite (5 in the case of PPA) would lead to the attachment of a complete double helix in the active site.

However, calculations of molecular modelling on barley α-amylase showed that this was CHAPTER I 59 sterically impossible for the double helices constituting the A and B allomorphs of amylose (André et al., 1999).

On the other hand, the modelling results of the binding of an amylose chain at the active site show that it can take on local conformations very close to those of a single strand of the double helix. But in this case the mechanism of prior disentanglement of the double helices remains unknown. Furthermore, the presence of inhibitors can lead to a decrease in the adsorption of the enzyme to its substrate. In order to evaluate this parameter, Leloup et al. (1991) determined the amount of Bacillus subtilis α-amylase adsorbed on spherocrystals as a function of the concentration of glucose, maltose, maltotriose and maltotetraose. They showed that when the ratio of maltose or maltotriose increases from 0.1 to 10, the amount of enzyme adsorbed is respectively 1.4 µg.cm -2 and 0.2 µg.cm -2 . In contrast, no effect of glucose or maltotetraose was detected.

Hydrolysis

For enzyme hydrolysis in the homogeneous phase, the substrate is flexible, which could adopt a conformation close to the transition state in the active site. However, in the case of solid substrates, especially when they are partially crystalline, it is difficult to imagine such flexibility.

It is likely that hydrolysis would proceed according to the usual mechanism described for αamylases once a glycosidic bond is correctly positioned within the active site. The nature of the reaction products obtained and the retention of the sugar configuration reflects the usual double shift mechanism. However, larger movements of flexible regions of the enzyme can be envisaged to facilitate substrate positioning or disentanglement within the active site.

Hydrolysis kinetics

For a long time, the Englyst's method (Englyst et al., 1992) has been adopted for assessing in vitro starch digestion. This method distinguishes three starch fractions, rapid digested starch (RDS), slow digested starch (SDS) and resistant starch (RS) based on the amount digested within, respectively, 20 min, 120 min and remaining after 120 min. However, more and more studies now show that starch digestibility is highly variable due to the in vitro conditions and does not always follow a simple time-based classification, and there is no physical meaning for discriminating among RDS, SDS and RS (Dhital et al., 2017).

Nowadays, fitting the time-course measurements of the starch enzymatic degradation with a kinetic model is another method that is quite common. It presents clear interest in terms of data CHAPTER I 60 analysis (Nguyen & Sopade, 2018). Nevertheless, the choice of an appropriate kinetic model for studying starch amylolysis in vitro remains controversial (Butterworth et al., 2011). A brief description of the commonly used kinetic model will be presented in section 5.

Section 4: Factors influencing starch hydrolysis 4.1 Starch structure

The factors determining the enzymatic susceptibility of native or processed starch (e.g. cooked), have been investigated extensively. While starch is generally processed in human food, native starch still raises much scientific interest as natural substrate for most amylolytic enzymes. In addition, the combination of multiple processed methods with water, high temperature, milling, etc, associated with the starch structural parameters would generate a very complex analysis with endless sources of variability (Tester & Sommerville, 2000).

The relations between starch structural features and the enzymatic hydrolysis are briefly described in this section starting from the granular level to the chemical structure of the polymers. The aim was to provide a broad overview, the additional and thorough information can be found in several dedicated review papers (Dhital et 

Granule morphology

The starch granule characteristics account for a significant part of the amylolysis susceptibility Wheat starch is known to possess two different types of granules, nominated here as A-, Bgranules. The A-granules are reported to digest with a lower rate at the beginning but exhibit higher final extent after 24 h compared with B-granules (Salman et al., 2009).

Pores and channels extend the surface available for the adsorption of enzyme as these pores are believed to be initial openings and entry points for the enzymes (Fannon et al., 1992; Gallant et CHAPTER I 62 al., 1997). Hence, starch granules with many pores, channels and cavities, present a high internal surface which favours the binding of enzyme, thus reducing greatly the impact of the granule size (Dhital et al., 2010).

The presence of pores and channels results in 'endo-corrosion' (from inside out) digestion pattern, where α-amylase creates and enlarges pits from the core to the surface (Gallant et al., 1997;Zhang et al., 2013). Granules without pores, as for potato or amylomaize starch, are digested from the surface by 'exo-corrosion' (from outside in) and at a much lower rate than by endo-corrosion. While the granule morphology controls the binding areas access, the local conformation and glucan chains packing inside the granule is assumed to determine the effectiveness of the α-amylase hydrolytic action (Zhang et al., 2015).

Starch polymers arrangements inside the granule

Native starch granules are layered structures made of crystalline regions with orderly packing of amylopectin chains double-helices, and amorphous regions made of amylose and amylopectin without detectable molecular ordering (Zhang et al., 2015). X-ray diffraction method is used to identify the type of crystalline structure and, quite often, to quantify the crystalline/amorphous structure ratio in the starch sample. Crystalline regions are generally considered less digestible than amorphous layers. However, some contradictory evidences support equivalent digestion rates for the semi-crystalline and the amorphous growth rings 

Starch endogenous proteins and lipids

Participating to the surface structure, lipids and proteins can affect the enzyme susceptibility as well as other functionalities of starch despite their relatively minor proportions (Dhital et al., 2019). Hence surface proteins and lipids could reduce the enzyme binding by blocking the adsorption sites as the defatting and the removal of granule-associated proteins enhanced digestibility (Li et al., 2016;Ma et al., 2020). Surface lipid and proteins that can accumulate randomly at the surface of the granule depending on the varieties can also represent an additional layer of resistance for enzyme to reach (Debet & Gidley, 2007). Amylose-lipid complex may limit the enzyme accessibility to the substrate by restricting starch swelling power which, in turn, would limit the water uptake and the amylose leaching out (Cui & Oates, 1999; Seneviratne & Biliaderis, 1991).

Amylolysis conditions

While starch structure and composition are universally recognized for influencing amylolysis, the actual conditions defining the reactions can have a significant additional impact of the hydrolysis results. 

Source and concentration of enzyme

Enzyme type, biological origin and concentration influence the kinetic and hydrolysis final extent as well as the degradation products. The α-amylases particularly have diverse modes of actions and product specificities depending of its origin (Bijttebier et al., 2008;Robyt & French, 1967). For example, Porcine Pancreatic α-amylase (PPA) produces primarily maltooligosaccharidesmaltose, maltotriose and maltohexaose - (Robyt & French, 1967) while

Bacillus licheniformis α-amylase, extensively used in industrial processes, produces mainly maltopentose (Taniguchi et al., 1982). The difference between α-amylase modus operandi could be explained by variations in substrate binding or catalytic sites, thermolability or purification process (Janeček & Blesák, 2011). For in vitro starch digestion assays, α-amylase is often combined with Amyloglucosidase (AMG) (or glucoamylase) (Zhang et al., 2013) as a substitute for the exo-acting α-glucosidase involved in mammalian digestion. AMG intended role is mainly to hydrolyse the soluble oligomers produced by the α-amylase action to release glucose or maltose units. These two types of enzymes can be combined and used in a one stage assay, or consecutively, in two stages assay. When used in combination, they display a synergistic activity on native starch, as α-amylase hydrolyses the large molecules thus providing substances to AMG and AMG enhances the α-amylase action by hydrolysing inhibitory oligosaccharides into glucose and by detangling double helical structures (Zhang et al., 2013).

Other experimental conditions

As for any enzymatic reaction, the amylolysis must be conducted within a range of incubation temperatures and pHs that would insure optimal enzymatic activity. The incubation temperature CHAPTER I 65 and duration need to accommodate with the nature of the substrate, as modification starch granule structure, especially starch annealing and starch gelatinization, may occur in the conditions of a hydrolysis assay (Tester & Debon, 2000). Other oversighted factors such as the stirring conditions (speed and probably the stirring mode) could be also considered as parameters affecting the hydrolysis rate. Indeed, Roldan-Cruz et al., (2021) showed that the activity of PPA is enhanced at a low stirring speed (0-250 rpm) but decreases significantly when stirring speed elevated (250-1500 rpm). They suggested that the intense stirring can alter the enzyme structure or could impair the enzyme-substrate binding.

Section 5: Systematic review of papers from 2016-2020

In order to understand how recent publications face the starch structure-amylolysis conundrum, a systematic review of the publications on the topic since from 2016 to 2020. This comprehensive analysis of the research on amylolysis including the methods, sample set used, draws an overview of dominant research strategies, bottlenecks and emerging strategies on the topic. This paper is published in « Foods », doi:10.3390/foods11091223, and is also added in the Annex.

Scope and search protocol

Starch enzymatic degradation has been investigated for decades with continuing interest since 2016. Using literature research engine (Web of Science, WoS) and the procedure described in 

• 2053 papers

Refining papers selection using by citation network analysis and full counting method

• 500 papers

Selecting papers of the latest 5 years

• 148 papers

Removing manually the papers that are not relevant to the subject In the first stage of the selection procedure, a list of 2053 journal articles over the last 30 years was obtained from the WoS using a general research equation about starch hydrolysis by αamylase, excluding explicitly acid hydrolysis (Fig. 17). Stage 2 aimed at narrowing down this list to articles that are part of the major citation network on the topic. To this end, we performed a citation network analysis using a dedicated tool (VOSviewer, Van Eck & Waltman, 2010).

Citation network are made of nodes, here articles, and edges or links, here inter-citations between the articles. From this information, VOSviewer computes a distance-based map where the distance between two articles reflects their similarity, i.e. the citations they have in common.

From the list of 2053 articles, we produced a complete citation map of 6178 links and a distribution of the number of inter-citations per article. The distribution follows a steep decreasing curve and 509 articles have no links with the others, it is also visible that the network as a "dense" core group of articles. Given the distribution, we estimated that a set of 500 articles was large enough to capture a consistent group of interlinked articles on the topic, while having a fair representation of the ongoing research. Using VOSviewer again, we selected a set of 500 articles with the highest similarity level, starting from Goñi et al., (1997), which is the article with the highest number of links as well as a reference on the topic. The resulting citation map is provided in Fig. S3. It has 3195 links and only two articles without links, which indicates that we succeeded in sampling the "densest" part of the network. In the final stages, we retained the publications of the last five years and removed manually the articles not in the scope.

The information about the 57 articles of the panel used for the following analysis is supplied as an excel table in the supplementary data, each article is assigned an id with the name of the first author, the year of publication plus, when needed, a letter ('a', 'b'…) to distinguish between articles with same name and year.

The selected papers were categorized by topic as shown in Table 4. The large majority (70%)

focused on the factors and mechanisms influencing starch amylolysis. The remaining papers described the effect of modification treatments on starch structure and amylolysis to meet various end-product performances. The modifications included amylolysis optimization process involving novel degrading enzymes as well as comparing and developing different kinetic models to improve amylolysis analysis. 

Type and size of samples

Cereal starch from maize, rice and wheat, together with potato starch were extensively studied in our publication panel (Table 5), most likely as ingredients available worldwide. Maize starch was the most frequently investigated among crops (35% of the papers), it includes the starch from well-known commercial lines of maize mutants, e.g., wx (waxy), ae (amylose-extender), su2 (sugary) with various granular and macromolecular structures (Gérard et al., 2000). Other starch types including cassava sweet potato, bean and pea starch complete the publication list.

Table 5

Type of sample used in the panel of papers. Table 5 also provides the number of papers that compare wild-type, mutants, transgenic lines starch, single-segment substitution lines starch, all with a similar genetic background. This type of experiments is reported in 14% of the panel and involves mainly rice (Table 5). Surprisingly while maize mutant starch is present in many publications, the panel does not include specific works on maize genetic variants. This suggests that this crop has been already well covered in The experimental designs found within the panel include on average eight distinct samples (Fig. 18), which allows to investigate a limited number of factors. In practice the number of samples CHAPTER I 70 is limited by the availability of starch materials with desirable characteristics and by the experimental resources required to characterise the samples or to run the hydrolysis assays.

Hence, many of publications included a selective number of diverse samples with marked characteristics and/or innovative structural or functional characterisation techniques. An alternative approach was to analyse a higher number of samples using established analytical techniques and hydrolysis assays, as for Martens et al., (2018Martens et al., ( , 2019)). These authors reported the results of a retrospective power analysis to confirm that the number of samples were sufficiently large to reveal the discrepancies between the degradation kinetics. 

Characterisation of starch structure

The number of studied factors described in the publication panel varies from one to nine, with an average of four (Fig. 19). No trend could be identified in the number of factors investigated over the last five years. The most frequent factors describe distinct organisational levels of native starch (from granular to molecular level) as well as few functional properties (Table 6). At the molecular level, amylopectin chain length distribution and amylose content were both measured in 32% of the panel. However, as mentioned in section 2.1, the impact of amylose content on amylolysis is still unclear, a few works of the panel observed an impact, e.g. The functional properties reported in the panel publications are mainly related to starch gelatinization (28%) measured by Differential Scanning Calorimetry (DSC). DSC reflects on the swelling, the leaching of soluble polysaccharides, the disruption of the molecular order and the melting of crystallites (Atwell, 1988;[START_REF] Liu | Advanced analytical techniques to evaluate the quality of potato and potato Starch[END_REF], thus providing a compelling understanding on starch gelatinization properties. In comparison, results from the Rapid Visco Analyzer (RVA) (pasting properties in Table 6), are much less common (<9%) possibly because RVA requires a significant amount of biological material for a single analysis and it has a rather low throughput.

Each of the uncommon factors ("others" in the Table 6) had been measured in less than five studies of the panel. They can describe the starch intrinsic structure, e.g. molecular weight distribution, endogenous lipid content, or extrinsic factors, e.g. enzyme and substrate concentrations, temperature, incubation time, or plant genetics and environment.

Characterisation of hydrolysis kinetics

In most publications, the extent of starch enzymatic hydrolysis is determined by an enzymatic assay quantifying the glucose release. The most frequent method, with 51% of the panel, is the glucose oxidase and peroxidase (GOPOD) assay (Trinder, 1969) (Table 7). It has high specificity, but lacks relative stability over time and has a relatively high cost per sample (Decker et al., 2009). The measurement of reducing ends by dinitrosalicylic acid (DNS) (Miller, 1959) and by 4-hydroxybenzoic acid hydrazide (PAHBAH) colorimetric methods are alternative options to glucose assays that are simple to apply with relatively low cost. This family of dosage techniques are in general much more rapid and easier to handle than the dosage of total solubilised sugars by the orcinol-H2SO4 method used in older works (e.g. in Gérard et al., 2001a). Nevertheless, with equimolar amounts of maltodextrins, the response of the reducing sugar by the DNS method increased with increasing number of glucose units (Robyt & Whelan, 1972), which leads to an overestimation of the hydrolysis extent.

Table 7

Sugar measurements for selected papers. A simple kinetic model can describe not only the degradability level at different times but also the shape of the curve describing the hydrolysis time course and the reaction rate coefficient.

Sugar measurement Count

Seventy percent of the panel applied the empirical first-order kinetics (Table 8) proposed by Goñi et al., (1997):

𝐶 = 𝐶 ∞ (1 -𝑒 -𝑘𝑡 ) (1) 
where 𝐶 is the product concentration at time t, 𝐶 ∞ is the production concentration at the end of the hydrolysis and k is the reaction rate constant. Although the first-order kinetics describes well the hydrolysis profile, it needs an accurate estimation of 𝐶 ∞ , which can be difficult to achieve even with a prolonged hydrolysis assay (Butterworth et al., 2012). The application of the log of slope (LOS) plot (Eq. ( 2)) by Butterworth et al. (2012) allows the calculation of 𝐶 ∞ from the intercept on the y axis that could avoid the aforementioned issue.

ln ( 𝑑𝐶 𝑑𝑡 ) = ln(𝐶 ∞ 𝑘) -𝑘𝑡 (2) 
Forty-six percent of the panel applied the LOS plot for obtaining a more reliable estimation of 𝐶 ∞ and k.

Kinetics data does not always follow a first-order kinetics, which led to adaptations of Eq.( 1 variants of parallel first-order kinetic models, respectively Eq.( 4) & Eq.( 5):

𝐶 𝑡 = { 𝐶 1∞ (1 -𝑒 -𝑘 1 𝑡 ), 𝑖𝑓 𝑡 ≤ 𝑡 𝑖𝑛𝑡 𝐶 𝑖𝑛𝑡 + 𝐶 2∞ (1 -𝑒 -𝑘 2 (𝑡-𝑡 𝑖𝑛𝑡 ) ), 𝑖𝑓 𝑡 ≥ 𝑡 𝑖𝑛𝑡 (3) 
𝐶 𝑡 = 𝐶 0 + 𝐶 1 (1 -𝑒 -𝑘 1 𝑡 ) + 𝐶 2 (1 -𝑒 -𝑘 2 𝑡 ) (4) 
𝑌 𝑡 = 𝑌 𝑅𝑆 + 𝑌 𝑅𝐷𝑆 𝑒 -𝑘 𝑅𝐷𝑆 𝑡 + 𝑌 𝑆𝐷𝑆 𝑒 6)). In the panel, it has been applied by Olawoye & Gbadamosi (2020) to obtain an accurate fitting of biphasic hydrolyses. In this model the reaction rate-related parameter k is affected by a parameter h that reflects the time-dependency of the reaction rate coefficient:

𝐶 = 𝐶 ∞ (1 -𝑒 -𝑘𝑡 1-ℎ ) (6) 
Table 8 Kinetic models and the corresponding kinetic estimations for selected papers. 

Kinetic models

Statistical analysis of starch structure-amylolysis relationships

The majority of the panel publications employed standard statistical analysis methods (Table 9). Up to 72% presents the results generated using ANOVA, often followed by the result of a 

Conclusion and perspective

The study of "structure-degradability" relationships remains challenging as starch hierarchical structure is complex, multidimensional and our understanding is incomplete. The interdependencies between the structural features of starch hinder the identification of their respective contribution to the starch degradation.

Our systematic review of a panel of 57 recent publications on this topic showed that on average a study investigates eight different starches with four structural/functional factors. The rather small-size of the resulting datasets reflects on either the value of starch materials with specific features or the, generally resource-demanding, characterization of the starch samples. This approach alone, however, is unlikely to address effectively the conundrum. Two alternative approaches can be found amongst the publications of the panel to deal with this issue: (i) the use of mutant and transgenic lines from a generic line to obtain starch samples displaying variations for specific targeted parameters, thus limiting the variability for unknown parameters;

(ii) applying multivariate analysis techniques to cope with interrelated factors describing the samples. Both approaches have drawbacks, the former requires more efforts from the plant genetic domain to produce starch with interesting characteristics and depends on a forward genetic approach, the latter demands larger datasets in term of number of samples and number of measured factors.

The second strategy appears closer at hand for the research community, as the average size of the datasets will naturally increase with the development of high-throughput techniques and the growing quantification capability of the analytical results. This review has shown that key steps towards scaling up experimental designs are already available, in particular the generalization of rapid hydrolysis assays with the dosage of reducing sugars and the application of kinetic models to interpret the data. 

Foreword of chapter II

The common challenges faced by studies investigating the "structure-degradability" interaction include the experimental condition limiting the number of samples and the interdependency between the various structural features of native starch. This study aimed to tackle these two challenges by ( 1) developing a method allowing enzymatic accurate and reproduceable hydrolysis screening of large sample sets and ( 2) combining this method to a multivariate analysis to untangle the "structure-degradability" complexity. In addition, the adjustment of the hydrolysis conditions is presented in annex 1. The overall story was summarized in the graphical abstract. Abbreviation: DP, degree of polymerization; RDS, rapidly digested starch; SDS, slowly digested starch; RS, resistant starch; MAGIC, multiparent advanced generation intercross; WWS (C+), waxy wheat starch; HAWS (C-), high amylose wheat starch; PPA, porcine pancreatic α-amylase; STD, size threshold discrimination; GMD, gaussian mixture distribution; PCA, principal component analysis; HCPC, hierarchical clustering on principal components; HAC, hierarchical agglomerative clustering; A/B ratio, the ratio of A-type to B-type granules; S/L ratio, the ratio of short to long branch chains of amylopectin; RSE, residual standard error provide the energy for seedling establishment prior emergence and beginning of photosynthesis.

The initial steps of the germination process have been mimicked by industry and play important roles both in food (malting, fermentation, silage, nutritional food) and in non-food sector Revealing which structural features influence the most the starch degradation is therefore important for plant breeding to select starch for desired end-uses.

Deciphering the contribution of individual structural feature has always been a challenge as they are not independent but deeply intertwined (Tester et al., 2006). While studying the "structure-degradation" relationship of starch, multivariate analysis has been used to cope with the interconnection between structural features (Kansou, Buléon, Gérard, & Rolland-Sabate, 2015a; Martens, Gerrits, Bruininx, & Schols, 2018). Another limitation involved the number of analyzed samples. Traditional strategies relied heavily on data collected from long kinetic study of native starch with a dozen of time points required over up to three days during which the enzyme efficiency dramatically decreased, thus limiting the number of samples to be included into the analysis (Wang, Ral, Saulnier, & Kansou, 2022). Studies are usually limited to a handful of founders with strong differences in starch structure (i.e. waxy, high amylose starch) or/and from different botanical origins. While very useful at the early age of starch analysis and when phenotype is strong, e.g. waxy or high amylose vs wild-type (Gérard, Colonna, Buléon, & Planchot, 2001), it does not allow to understand the G x E impact on starch amylolysis. This would only possible when large panel of genetically diverse varieties from a unique botanical origin and grown under replicated plots would be analyzed. Multiparent advanced generation inter-cross (MAGIC) populations were generated with a view to increase the number of alleles being sampled within the same population and to provide higher resolution for genetic mapping due to increased recombination and a larger population size (Huang et al., 2012). However, high throughput method combining sufficient throughput, accuracy and appropriate statistical analysis for assessing starch degradability need to be established. In this paper, we explore the first practical utilization of a wheat MAGIC population to unravel the most influencing factors impacting native starch degradability in vitro.

This paper describes an innovative method allowing the screening of large population (over 200 samples) of traditional wheat native starch with mild variations of structural composition for its degradability by commercial porcine pancreatic -amylase. The screening methodology allows the application of multifactorial analysis to unravel the most influencing factors for starch degradability.

Materials and methods

Materials

A 4-way MAGIC population (CSIRO, Australia) as previously described by Huang et al. (2012) were used in this study. The founders of the MAGIC population, four elite Australian wheat cultivars Baxter, Chara, Westonia and Yitpi, were selected to represent the breath of genetic diversity in the Australian wheat breeding community at the time. 224 wheat starches with 155 genotypes from a field trial cultivated in Yanco, NSW, Australia in 2009 were extracted [START_REF] Tanaka | Increased accuracy of starch granule type quantification using mixture distributions[END_REF]. Waxy (WWS) and high amylose (72.9%) wheat starch (HAWS) came from varieties EH6 possessing triple null mutant at the GBSSI loci, and Yamamori which is lacking of starch granule proteins (SGP-1) (Ral, Cavanagh, Larroque, Regina, & Morell, 2008), respectively.

The porcine pancreatic α-amylase (PPA) was purchased from Neogen Corporation (Lansing, Michigan).

Measurements of structural feature and degradability

Starch extraction

Five grams of flour was weighed into a 50 mL screw capped falcon tube. Approximately, 45 mL of buffer containing 0.05M NaCl and 1 % sodium metabisulphite was added to the tube.

The sample was fully dispersed with a vortex and placed at room temperature for 30 mins on a rotating mixer. Samples were sonicated in a "Soniclean" sonicating water bath for two mins.

The slurry was filtered through a 200 µm nylon mesh using an additional 50 mL of extraction mix to gently wash the slurry through the mesh into a beaker. The filtrate was transferred into two 50 mL falcon tubes. The samples were again sonicated as described above. Samples were centrifuged at 1500 rpm in a bench centrifuge (Sigma 4K15) with a swing out head for 10 mins.

The supernatant was discarded, and pellets were resuspended in 15 mL of 90% percoll (v/v) (Sigma-Aldrich), combining the pellets from duplicate tubes. The starch slurry was mixed on a rotary mixer for 30 mins. The samples were again centrifuged as above. The supernatant and yellow layers above the starch pellet were discarded. The pellets were washed three times by vortexing with 20 mL of MilliQ water to fully disperse the starch pellet followed with centrifugation as above, pouring off the supernatant each time. The isolated starch was then freeze dried.

Starch granule size distribution

The starch granules size distribution was measured by a Mastersizer 2000 laser diffraction instrument (Malvern Instruments, Ltd., Malvern, UK) with a wet sample dispersion unit. Two methods were applied for discriminating different types of granules.

1. Size threshold discrimination (STD): Particles with diameter < 10 μm and between 10-100 μm were regarded respectively as small granules (B-type) and large granules (A-type).

2. Gaussian mixture distribution (GMD): Fitting Gaussian mixture distributions to the log of particle diameter size was proposed by [START_REF] Tanaka | Increased accuracy of starch granule type quantification using mixture distributions[END_REF]. The quantification of the proportion of A-, B-as well as the tiny C-type granules was then calculated by the mixing weights. Tanaka et al. developed an R package and web-based application granular with easy application. Dataset was uploaded to the application for defining peaks interactively and calculating the proportion of each granular fraction.

Amylopectin chain length distribution

Sample preparation was adapted from O'Shea, Samuel, Konik, & Morell. (1998). Starch (10 mg) was dissolved in 400 µL of 0.125 M NaOH and boiled for 10 mins, neutralized with 16 µL glacial acetic acid, 50 µL1 M sodium acetate and made up to 1 mL with milliQ water. Samples were incubated at 37°C overnight with 2.5 units of iso-amylase (3.2.1.68) followed by overnight labelling with 8-amino-1,3,6-pyrenetrisulfonic acid. Amylopectin chain-length distribution was analyzed using a P/ACE 5510 capillary electrophoresis system (Beckman Coulter, Gladsvilles, NSW) with argon-LIF detection.

Amylose content

About 4 mg (± 0.5 mg) of wholemeal flour was weighed into a 96-deep welled plate to which 600 µL of urea-dimethylsulphoxide (UDMSO, 6M urea mixed 1:9 with DMSO) was added.

The plate was sealed with boil-proof sealing mats secured with a metal clamp, mixed thoroughly and incubated at 96°C for one hour with thorough mixing every 15 mins. The plate was then cooled in water for 10 mins after which 100 µL of supernatant was pipetted into a PCR plate. Fourty µL of I2-KI reagent (1 g of KI and 0.1 g of I2 per 100 mL) were added and the samples were mixed. Fifteen µL were transferred to a 96 well plate containing 185 µL of H2O. The absorbance was read at 620 nm with an Emax Precision Microplate reader (Molecular Devices, USA). The amylose content was calculated via a regression analysis of standard samples with known amylose content included in all plates.

Alpha-amylase activity

The measurement of α-amylase was adapted from the Ceralpha kit (Neogen Corporation). About 30 mg of flour (± 1 mg) was weighed into a 96-well microplate (blanks included in all plates). Ceralpha extraction buffer (300 µL) was added, the plate was sealed with a sealing mat CHAPTER II 101 and mixed thoroughly by vortex for 5 min. The block was incubated at 40 °C for 20 min, with a one-minute vortex at 5 min intervals. The microplate was centrifuged at 1000 × g for 10 min and the supernatant was collected. Twenty µL of supernatant was put into a microplate to which 20 µL of pre-warmed HR reagent was added to the samples, mixed for 15 seconds on the plate vortex and incubated for 20 min at 40 °C. After incubation, 200 µL Ceralpha stopping buffer was added after which the plate was read for absorbance at 400 nm in the plate reader. Activity was expressed in Ceralpha unit per gram of flour.

In vitro degradability of starch

Starch (10 mg) and 16 U/mL PPA were added separately into two 96-well microplates and prewarmed in the thermomixer at 37℃ for 20 mins. One mL PPA was then added into 10 mg starch samples using a multichannel pipette (100-1200 μL) and the block was sealed with the mat cover. The mixture was incubated in the thermomixer at 37℃, 1500 rpm. Aliquots (15 μL) were withdrawn using a multichannel pipette (5-50 μL) at 0, 20, 60, 120, 180, 240, 360, 1440 and 1800 mins. Each sample was tested in triplicate. The 3, 5-dinitrosalicylic acid (DNS) method (Miller, 1959) was used to measure reducing sugars. Aliquots of 15 μL sampled at different time intervals were mixed with 100 μL DNS solution to stop the enzymatic activity and quantify the reducing sugar content. The mixture was stirred in a plate shaker for 30 seconds at 1800 rpm, then heated at 90°C for 10 min followed by a cooling down at 4°C for 10 min in the thermocycler. The absorbance was measured at 540 nm in the plate reader.

Pasting properties

Pasting properties of starch were analyzed using a Rapid Visco Analyser (RVA type 4, Newport Scientific Pty, Ltd, NSW, Australia) with Thermocline Software version 2.2. Starch suspension containing 9% (w/w) starch was equilibrated at 50 °C for 2 mins, heated to 95 °C for 6 mins and held at temperature for 4 mins. It was then cooled to 50°C for 4 mins, and held at 50°C for 5 mins. The speed of the rotation paddle was kept constant at 160 rpm for the analysis.

Experimental design and data treatment

Experimental design for screening starch degradability

Three replicates each of the 224 test starch samples were distributed across 15 96-well plates following a randomized procedure with defined constraints. Test sample replicates were randomized to plates in a near-balanced incomplete block design such that (i) no test sample occurred more than once on a plate and (ii) all pairs of different test samples occurred together on the same plate approximately the same number of times. The optimization of the design was performed using the 'od' package (Butler, 2019) running in R v3.6.3 (R Core Team, 2020). An example plate is shown in Fig. 1, for each well pair, the left-hand well contained the starch sample, the right-hand well contained the corresponding blank. On a plate, each sample well was paired with a corresponding 'blank' well, for a total of 48 starch samples processed per plate, while the last plate was only partially filled with the final 25 starch samples. Two well pairs on each plate were reserved for the WWS and the HAWS that play the role of control samples with extreme features (respectively denoted C+ and C-, in Fig. 1), leaving space for 46 test samples to be processed per plate. 

Fitting of kinetics data

A non-linear fitting of the experimental data for replicate samples was performed in R using the Weibull function proposed by Kansou, Buléon, Gérard, & Rolland-Sabate. (2015b):

𝑋 𝑡 = 𝑋 ∞ (1 -𝑒 -𝑘 𝑤 𝑡 1-ℎ )
where 𝑋 𝑡 is the instantaneous extent of hydrolysis, 𝑋 ∞ represents the value of the hydrolysis extent at t = +∞. kw reflects the reaction rate coefficient for t = 1. h is a shape parameter that represents the instantaneous reaction rate coefficient monotonic change over time.

Multivariate analysis

All analyses were carried out in triplicate and the results are reported as mean values ± standard deviation. Pearson correlation statistics were performed using R v3. To describe a cluster factors values we used the p-value of a "value test" (Lê et al., 2010). The value test is a statistical test of the hypothesis H0: "the mean of a given factor X in the cluster is equal to the overall mean". Therefore, the weaker the p-value the less likely the value of factor X is due to chance. In practice the test is used to determine the most characteristic factors of each cluster, unfortunately it is biased for factors actively used for the clustering, therefore the significance levels are purely indicative. The value test, however, has no bias when applied to supplementary factors (i.e. factors non-actively used in the clustering). Figures reporting statistical analysis results are produced with the R package ggplot and R v3.6.3.

Results

Structural characterization

The structural measurements for 224 samples of MAGIC starch were represented by Table 1.

The entire datasets are provided in Supplementary data. The amylopectin chain length distribution profile has been clustered into four fractions: DP 6-12, DP 13-24, DP 25-36 and DP 37-47 according to the periodic pattern of peak areas revealed by high-performance anion-exchange chromatography (Hanashiro et al., 1996). The short branch chains DP 6-12 and DP 13-24 are the most abundant in the samples with a total amount over 70% (Fig. 3). These results are consistent with the common averaged branch chains presented in cereal starch (Bertoft, 2017).

The amylose content covers a slightly wider range, 23.8% -33.5%, than the common range, 25% -29%, of normal wheat starch (Buléon, Colonna, Planchot, & Ball, 1998). Important level of α-amylase activity ranging from 3.5 to 12.8 CU/g with a medium value of 6.4 CU/g has been found. 

In vitro starch degradation

The Fig. 4 reports the hydrolysis kinetics of starch from 224 wheat MAGIC, WWS and HAWS.

They present a usual pattern over time with three distinctive phases. Higher hydrolysis rates are observed up to 360 mins for the majority of starches. From 360 to 1440 mins on, the hydrolysis rate is slower for all samples but it remains high for MAGIC starch, while it is much lower for HAWS and almost zero for WWS. All the curves turned out to reach a plateau after 1440 mins onwards. The amount of starch hydrolyzed after 1800 mins of degradation varied from 63.6 ± 9.4% to 79.9 ± 2.0% for the MAGIC population. The WWS starch showed the highest final extent of 84.5 ± 4.2%, while the HAWS starch was hydrolyzed to a lesser extent of 57.4 ± 2.9% on average. 

Fitting of kinetics data with Weibull model

The experimental kinetic data were fitted by the Weibull function for replicate samples to extract three kinetic parameters, i.e. the reaction rate coefficient for t = 1(kw), the reaction rate retardation over time (h) and the final hydrolysis extent (𝑋 ∞ ). Overall, the level of goodness of fit is high. The plot for residuals representing differences between the experimental data and the fitted values shows symmetry and no particular pattern (Fig. 5), which confirms the CHAPTER II 108 suitability of the Weibull function with regard to the data. Broader dispersion of the points at higher hydrolysis values (obtained at 1440 and 1800 mins) are due to expected higher experimental variability for prolonged hydrolysis. 2), which reflect high accuracy of the fitting. The RSE allows to estimate the standard deviation of the unexplained variance, which indicates that the fitted curve deviated from the true regression line by approximately 1.29%, 2.04% and 1.36% on average for MAGIC starch, WWS and HAWS, respectively (Table 2).

The averaged fitting values for the MAGIC starch as well as for the WWS and HAWS are shown in Table 2. MAGIC and WWS exhibit similar kw values, are lower than that of HAWS. 

Multivariate analysis

A multivariate analysis was used to build clusters of starch samples with high structural similarities and then to explore the starch degradability characteristics of these clusters to determine probable relationships. To generate independent variables, a PCA was firstly performed on structural properties including amylose content, amylose chain length distribution, granule size distribution and α-amylase activities, of which the two methods, namely the STD and GMD had been used for quantifying the granule size distribution. Nine and eleven principal components were included in the following HCPC for methods STD and GMD, respectively.

The dendrogram generated by HCPC with method STD is given in Fig. The partitioning from two to thirty clusters is reviewed systematically from top to down (Fig. 6) in order to identify the co-occurrence of values different from the overall mean for the structural features, for the kinetic parameters (kw, h and X∞) and for the pasting properties. For the record the structural features of starches are active factors that characterize the cluster, while the others (degradability, pasting properties) are supplementary thus passive factors. The choice to run the analysis up to thirty clusters was driven by the need to explore the dendrogram to compute the frequencies of co-occurrence and to have a minimum number of individuals (> 5)

per cluster to run the statistical tests. In Fig. 6, each cluster of the dendrogram is assigned a code N-i, where N is the level of partitioning, i.e. the number of clusters in the partition from two to thirty and i is the cluster index ranging from 1 at the left, to N at the right. For example, cluster 3-2 locates the 2 nd cluster from the left for a partitioning of N=3 clusters. Table S1 reports the results from reviewing dendrograms where all the co-occurrences describing the same relationship are merged. starches with high A/B ratio and lower S/L ratio than average as well as a significantly lower values of kw and h (Fig. 7a), while starches of cluster 12-11 would be the opposite with low A/B ratio, higher S/L ratio and high h (Fig. 7b). Clusters 17-14 with the same co-occurrence as cluster 21-20, but with significantly lower α-amylase activity being present was also found (Fig. 7c). The lower value of hydrolysis extent X∞ was found to present a high co-occurrence with higher A/B ratio and higher S/L ratio in cluster 11-8. (Fig. 7d). Besides, few clusters showed lower amylose content with higher value of kw and lower starch final viscosity, as for cluster 28-16 (Fig. 7e). Consistent and complementary results have been obtained with both of the methods STD and GMD. 

Factors influencing native starch degradation

In the present study, no correlations were found between starch structure and degradation using pairwise Pearson correlation tests (Fig. S1). With over 200 wheat starches being screened, it was assumed that a multivariate analysis would be able to include the interconnection among the different factors and revealed significant correlations. As a matter of fact, the HCPC enabled us to distinguish different subdivisions with defined structural properties and hydrolysis kinetics, and to establish co-occurrences of factors with "extreme" values i.e. different from the overall mean. The HCPC was applied on two datasets, where two concurrent methods (STD and GMD) were used for the quantification of the A-and B-type granules. They both revealed similar multifactorial effects among granule size distribution, amylopectin chain length distribution, amylose content and α-amylase activity on degradation kinetics of wheat starch.

The hypothetic of different "structure-degradation" relationship supported by this approach are summarised in Fig. 8 and discussed in more detail in the following section. 

Granule size distribution and amylopectin chain length distribution

A larger variation in the ratio of A-to B-type granules was found for the MAGIC population compare to the generally observed proportion of B-type granules (< 30%) in wheat (Peng, Gao, Abdel-Aal, Hucl, & Chibbar, 1999), making A/B ratio a major factor investigated for starch degradation in the present study. In some cases, the A/B ratio or S/L ratio could influence solely and negatively on the hydrolysis rate and extent as shown in Table S1 (e.g. first line). For the most part, however, the A/B ratio was combined with S/L ratio (Table 3), suggesting multifactorial effect. In Fig. 8, it is suggested that the hydrolysis reaction rate coefficient (kw and/or h) negatively correlated with the A/B ratio and positively with the S/L ratio. The negative effect of the A/B ratio on <kw, h> is consistent with the classical view that relates the granule size, and therefore the granule surface area, to the hydrolysis rate thus making the diffusion and adsorption a rate-limiting step (Dhital et al., 2010). More precisely, B-type granules possess higher specific surface area, thus facilitating the accessibility and the adsorption of enzyme to the granule surface (Colonna et al., 1992). Results presented in Fig. 8 3). Besides, it is also suggested that the final degradability extent (X∞) was not influenced the same way as <kw, h> by the S/L ratio (here related to the proportion of DP 6-24 and DP 25-47 chains) and A/B ratio (Fig. 8). In this case we suggest that, due to genetic variability, certain MAGIC lines have starch with more A-type granules and more chains of DP 6-24 than the overall mean.

However, to our knowledge only few publications report investigations of A/B ratio and amylopectin chain length distribution on the final hydrolysis extent of native starch. Salman 

Amylose

It is generally accepted that amylose is one of the most important factors affecting degradation kinetics of starch. This is probably due to the fact that amylose accounts not only for 20-30% of the total carbohydrate dry mass but also impacts overall amylopectin structure, crystallinity and also rheological properties (Martens et al., 2018;Cheetham & Tao, 1997). One of the rationale behind the use of a MAGIC population was to unravel potential additional factors impacting starch hydrolysis when amylose content remains within a limited range. The amylose content among the MAGIC population remained limited between 23.8 to 33.5% and did not act as a predominant factor for degradability compared with the granule size distribution and amylopectin chain length distribution. Our results showed a limited, yet significant, cooccurrence between increased amylose content and hydrolysis rate coefficient reduction. This is consistent with the previous results obtained on starches from maize mutants where amylose content positively correlated with h thus resulting in lower hydrolysis rate (Kansou et al., 2015a).

In the present study, starches with a decrease of amylose content was accompanied by a decreasing of final and/or trough viscosity, showing higher hydrolysis rate. It is in good agreement with previous study that gelatinization and visco-properties are found to be correlated with the amylose content (Sasaki, Yasui, & Matsuki, 2000). Thus, the pasting properties are slightly associated with the starch degradability in the present study and only through the amylose content.

Endogenous α-amylase

Although the level of α-amylase activity (3.5-12.8 CU/g) for wheat MAGIC flour is minor compared to the PPA (114290 CU/g) added in the hydrolysis assay, it was found to be much higher than a conventional wheat flour showing less than 0.1 CU/g of α-amylase (Ral et al., 2016). Clusters with lower level of α-amylase were noticed to possess lower hydrolysis rate. It is possible that the endogenous α-amylase degrades and weakens the surface structure during starch extraction, making the granules more accessible for PPA. It should be noted that the αamylase did not act solely but always combined with the effect of A/B ratio, amylopectin chain length distribution or amylose content in influencing hydrolysis (Table 3, S1), suggesting minor effect of endogenous α-amylase itself on hydrolysis.

Other factors

There are other factors that could potentially influence starch degradability. Granular pores and channels then starch surface could also affect its degradability (Lin et (Dhital et al., 2010). Including this very important information would improve the correlation and the impact of A/B ratio on hydrolysis described in this study. Unfortunately, in the absence of high throughput method allowing an accurate quantification of the exact number of pores and channels at the surface of a starch granule population, this important factor could not be included in the analysis.

No significant correlation could be found between starch pasting properties and amylolysis.

While pasting properties generated by RVA are high dependent of the starch structural features including chain length distribution and amylose content (Ral et al 2008), the absence of strong correlation could be explained by the major structural difference between gelatinized and raw starch. When native starch is gelatinized (for example, using RVA or cooking), the crystallin structure is dismantled, and lead to granule swelling, amylose leaching and disorganization of amylopectin (Magallanes-Cruz, Flores-Silva, & Bello-Perez, 2017). This absence of correlation illustrated the difference between cooked starch and raw starch digestibility. While this study represents the first step towards characterization of large starch population, it would be interesting to compare the structural features influencing starch hydrolysis by pancreatic alphaamylase on cooked starches.

Conclusion

Over 200 native wheat starches from a 4-way MAGIC population were analyzed for their structure and degradability by porcine pancreatic α-amylase. The screening method was proved to be robust and sensible enough for large sample sets. The Weibull model was applied to fit the data and to estimate their respective degradation kinetics. The reaction rate coefficient k was highly correlated to rate retardation coefficient h, indicating that kw and h have to be interpreted together to represent the apparent rate of amylolysis. The HCPC took into account the interconnection between measured starch structural features and classified samples into groups with defined structural properties. This clustering analysis revealed the potential combined effects of granule size distribution, amylopectin chain length distribution, amylose content and endogenous α-amylase activity on degradation kinetics. The A/B ratio and S/L ratio show high co-occurrences in influencing hydrolysis. The A/B ratio showed negative effect on both hydrolysis rate and final extent, whereas the S/L ratio showed positive effect on the hydrolysis rate but negative effect on the final extent. Besides, the amylose content was likely to be negatively related to the hydrolysis rate and positively related to starch viscosities. To summarize, the granule size distribution, chain length distribution appeared as equally important influencing factors for starch degradation and need to be primarily considered for starch selection. These findings (i) provide an innovative screening method for wheat starch degradability which could be further applied in breeding programs for wheat starch selection for specific end-uses, and (ii) demonstrate the importance of granule size distribution and amylopectin chain length distribution in starch selection for desired degradation performance. 

Foreword of chapter III

In chapter II, the A/B ratio was identified as one of the important factors influencing starch enzymatic hydrolysis by α-amylase. The A/B ratio can not only reflect the differences in size but also in granule composition of starch. This took us to this new chapter which studied the structural properties and enzymatic degradation of purified starch granules for a better understanding of the differences between the A-and B-type granule composition and their possible contributions to starch hydrolysis.

In this chapter, A-and B-type granules were separated by a sedimentation method from normal, waxy and high amylose wheat starches. The differences of the multi-scale structure of fractionated starch granules were reported and their probable contributions to hydrolysis profiles were discussed. In wheat, the structural and physicochemical properties of A-and B-type granules have been compared, and most studies reported higher crystallinity, higher amylose content and less lipid content for A-type granules than B-type granules ( In the present study, we aimed to investigate the structural characteristics and degradation performances by α-amylase of both native starch and fractionated A-, B-type granules. In this study, we used two regular commercial wheat starches, a waxy wheat starch and a high amylose wheat starch, to cover a large range of structural features.

Chapter III

Structure and degradation properties of

Materials and methods

Materials

Starches from Apache cultivar (N1), waxy (WAXY) and high amylose (HAMY) wheat were kindly supplied by Limagrain (France). N2 commercial wheat starch (lot E4156) was provided by Roquette (France). The porcine pancreatic α-amylase (PPA) was purchased from Neogen Corporation (Lansing, Michigan).

Methods

Starch extraction

Starch isolation was performed following the method of Regina et al. ( 2004) with some modifications. Five grams of starch was mixed with iced water (~ 2.5 mL) to form a dough ball.

Then, the dough ball was kneaded in iced water until it resembled a piece of chewing gum and no more starch was leached out. Starch slurry was passed through 200 µm sieves then centrifuged at 3000 rpm for 10 min at 4°C. The supernatant was discarded. Starch was resuspended in water and the slurry was filtered through 100 µm sieves and centrifuged at 3000 rpm for 10 min. Tailings were then removed with 90% percoll (v/v) by centrifuging at 1500 rpm for 10 min. Starch slurry was then washed three times with iced water (~ 2-3 mL), centrifuged at 1500 rpm for 10 min at each time and finally freeze-dried.

Granule separation

The granule separation was done according to Dhital et al. (2010) with modifications. Starch (precisely 15.3 g) was placed in a 1 L graduated cylinder equipped with overhead stirrer and filled with distilled water (760 mL) to a marked point. The suspension was thoroughly mixed with the overhead stirrer for 60 s at 500 rpm and then left undisturbed for 60 min. Then the top 10 cm of the suspension (B-type granules fraction) was vacuum suctioned using a pipette into a conical flask. The graduated cylinder was then refilled with water to marked point and the process was repeated until the top 10 cm layer was clear (around 16 times). The collected Btype granules fraction was filtered through a membrane of 0.45 µm in a vacuum system, then suspended in distilled water. A-type granules were collected from the remained fraction in the cylinder. All starch suspensions were freeze-dried using a freeze-dryer (SRK Systemtechnik, Germany).

Scanning Electron Microscopy

Granule morphology was analyzed using a scanning electron microscope (SEM) (Quattro S, FEI-Thermofisher). The native starch powders were deposited on double-sided carbon pads fixed on a support. The observation was done in low vacuum mode at a pressure of 100 Pa in the microscope chamber and with an accelerating voltage of 5 kV. The working distance was from 6.5 mm to 8.5 mm.

Differential scanning calorimetry

The thermal characteristics of native and fractionated A-and B-type starches were investigated using a differential scanning calorimeter (DSC) Q100 apparatus (TA Instruments. New Castle.

DE. USA). Samples were prepared by weighing approximately 10 mg of starch with 40 µL of distilled water into a stainless-steel sealed pan. The scan was performed from 10 to 120°C at a rate of 3 °C/min. The onset temperature (To), peak temperature (Tp), conclusion temperature (Tc) and transition enthalpy (∆H) were obtained by TA Instruments Universal Analysis software.

C solid-state NMR (CP-MAS)

CP-MAS (cross-polarization magic-angle-spinning) NMR experiments were carried out using a Bruker AvanceIII-400 MHz spectrometer operating at 100.62 MHz for 13 C and equipped with a double-resonance H/X CP-MAS 4-mm probe. Around 80 mg of starch samples were equilibrated at 21°C for seven days at a water activity of 0.75 using saturated salt solution (NaCl). The MAS rate was fixed at 12000 Hz at room temperature with a contact time of 1.5 ms and a recycling delay of 8 s. The 2048 scans were acquired for each spectrum. The carbonyl carbon was set to 176.03 ppm through external glycine calibration. The NMR spectra deconvolution was performed using the PeakFit software (Version 4.11, Systat Software. Inc., USA).

Low-field NMR

The measurements were performed at 4°C with a low-field Time-Domain (TD-NMR) spectrometer operating at a frequency of 20 MHz (MinispecBruker mq20). The samples were placed in a previously weighed glass tube of 10 mm diameter. Free induction decay (FID) signal

were measured with a dwell time of 1 μs, using a relaxation delay of 2 s and 128 scans. The M2 value were determined according to Ying et al. (2013).

Transverse relaxation time of water protons (T2) and their respective population (P2) in the product were evaluated. The acquisitions were carried out using the Carr-Purcell-Meiboom-Gill (CPMG) sequence. The echo time was 0.04 ms, 500 even echoes were collected, and 256 scans were acquired with a recycle delay of 2 s, resulting in a total acquisition time of about 10 min. An inverse Laplace transformation (ILT) was applied to convert the relaxation signal into a continuous distribution of relaxation components. For this purpose, a numerical optimization method was used by non-negativity constraints and L1 regularization, and by applying a convex optimization solver primal-dual interior method for convex objectives (PDCO) (Saunders et al., 2012).

Granule size distribution

Starch granules size distribution were measured with an Occhio-Flowcell Fc200s+ particle size analyzer. Starch samples (0.5 -1 mg) was mixed with 300 µL distilled water. Samples were sonicated before measurements to avoid aggregations. The native starch and large A-type granule fraction was measured with a plate of 150 µm, while the small B-type granule fraction

was measured with a plate of 50 µm.

Amylopectin chain length distribution

The amylopectin chain length distribution was measured by fluorescence-assisted capillary electrophoresis (FACE) following the method described in 

X-ray scattering

X-ray scattering measurements of native and fractionated starches were performed using a Bruker-AXS D8 X-ray diffractometer (Karlsruhe, Germany) equipped with a two-dimensional Vantec 500 detector. The radiation (Cu Kα1 = 1.5405 Å), produced in a sealed copper tube at 40 kV and 40mA was oriented using two crossed Göbel mirrors to obtain a beam of 500 μm in diameter. Starch samples were stabilized for eight days at a constant relative humidity using BaCl2 (aw=0.9). The samples are placed between two sheets of adhesive tape to prevent moisture loss. For wide-angle X-ray scattering (WAXS), samples were put at a distance of 10 cm from detector and the Bragg angles used was 27° (2θ). The scanning regions of the diffraction angle were from 3 to 30°. For small angle X-ray scattering (SAXS), the detector is placed in direct beam at a distance of 30 cm from the sample.

The peak position of SAXS was obtained by Lorentz Correction (Stribeck, 2007) for waxy starch, fractionated starch of Apache and E4156. For HAMY starch, native Apache and E4156, the peaks were too weak to be decided by the Lorentz Correction method. In this case, a gaussian distribution was fitted in order to obtain the peak position.

In vitro degradability of starch

Starch (10 mg) and 16 U/mL PPA were added separately into the 96-well microplate and prewarmed in the thermomixer at 37℃ for 20 min. PPA (1mL) was then mixed with 10 mg starch samples and the microplate was sealed using the mat cover. The mixture was incubated in the thermomixer at 37℃, at a speed of 1500 rpm. Aliquots (15 μL) were withdrawn at 0, 20, 60, 120, 180, 240, 360, 1440 and 1800 min. The reducing sugar was quantified using the 3, 5dinitrosalicylic acid (DNS) method (Miller, 1959). Sampled aliquots were mixed with 100 μL DNS solution to stop the enzymatic activity and heated at 90°C during 10 min. After cooling down to the room temperature, the absorbance was measured at 540 nm in the plate reader. All samples were performed in triplicate. 

Amylose content

Granule structure

Granule size distribution of native and fractionated starch granules was measured by particle size analyser. Two distinct fractions can be identified for all native wheat starches (Fig. S1).

N1 and WAXY starch showed a strong bimodal distribution while N2 and HAMY starch displayed a rather more unimodal granule distribution. For all wheat cultivars, native starches contained 82.3 -97.3% of A-type granules with only a small fraction of B-type granules (< 18%) in volume (Table 2). N2 starch showed the lowest B-type granules fraction (2.7%) while WAXY starch showed the highest (17.7%). Using the sedimentation method, starches were then separated into two fractions. One fraction was a highly purified (> 99.4%) A-type granules, whereas the other fraction was mainly B-type granules with a cross-contamination of 21.7 to 57.8% A-type granules (Table 2).

Table 2

Granule size distribution of native and fractionate granules of wheat starch. Granule morphology of native and the fractionated starch granules were revealed by SEM (Fig. 1). All samples showed high integrity except for commercial starch N2. A-N2 were sometimes damaged, or with cracks and fissures on the granule surface. All A-type granules were characterized by equatorial grooves which are typical for wheat A-type starch. For normal starches (N1 and N2), A-and B-type granules showed respectively lenticular and spherical in shape. B-WAXY seemed rather polyhedral. HAMY starch showed irregular, rather crescent shape and did not show distinctly two granule populations but with an intermediate population existing between the very large and small granules. Pores were observed only for A-WAXY, on the granule surface and also along the equatorial groove. For all starch cultivars, shallow depressions could be observed on granule surfaces. 

Long-range ordered structure

Crystallin type and degree of crystallinity were assessed by WAXS (Fig. 2). Typical A-type crystalline structure, characterized by noticeable diffraction peaks at approximately 15°, 17°, 18° and 23° was found for both native and fractionated granules of N1, N2 and WAXY starches.

HAMY starch showed a B-type crystalline structure with major peaks at 5.2°, 15°, 17°, 23°.

This corresponds to the fact that cereal starches generally exhibited A-type while amylose-rich As illustrated in Table 3, the crystallinity of normal wheat starch N1 and N2 ranged from 19.3 to 25.7%, while the WAXY and HAMY starch showed the highest (29.2 -33.7%) and lowest crystallinity (11.5 -12.3%), respectively. No differences in crystallinity was found between the corresponding A-and B-type granules except for those of N1 starch. A-N1 possessed higher crystallinity (25%) than B-N1 (19.3%).

Table 3

Characterization of native and fractionate granules of wheat starch.

S/L: ratio of DP 6-24 / DP>24 AF: amorphous fraction

The lamellar repeat distance of starch was measured by SAXS. The SAXS pattern was represented by the log-log plot of peak intensity in the function of q, where q = 4πsinθ/λ (Fig. 3). The peak position (qmax) was found to range from 0.061 to 0.065 Å -1 for all starch samples.

For N1 starch, a slight shift of peak position to lower q value for A-N1 compared to B-N1.

Otherwise, no evident shifts were detected for other starch samples between the corresponding A-and B-type granules. The lamellar repeat distance representing the alternative crystalline and amorphous lamellae was calculated by the Bragg equation, d = 2π/qmax. For all starch cultivars, the lamellar repeat distance ranged from 9.6 to 10.3 nm (Table 3). WAXY starch showed relatively shorter lamellar repeat distance compared with other types of starches. A-N1 exhibited higher lamellar repeat distance (10.3 nm) than B-N1 (9.8 nm). The native starches of N1 and N2 showed less intense and broader peak than the corresponding A-and B-type granules.

HAMY starch showed less intense and broader peak compared with other type of starch. 

Short-range ordered structure

The helical structure of amylopectin/amylose chains was analyzed by 13 3). The double helical conformation of normal starch N1 and N2 ranged from 36.9 to 44.1%. With regard to the fractionated granules, A-type always showed higher double helical conformation, lower or similar single helical conformation and amorphous fraction than the corresponding B-type granules. The HAMY and WAXY starches showed the highest and lowest proportions of single helices, respectively. The double helical conformation measured by NMR was always higher than the crystallinity measured by XRD due to the fact that XRD only detects double helices that are packed in regular arrays (Cooke & Gidley, 1992).

The amylopectin chain length distribution was measured by FACE (Fig. S3) and clustered into five fractions: DP 6-12, DP 13-24, DP 25-36, DP 37-47 and DP > 47 as generally reported (Hanashiro et al., 1996). Branch chains with DP 6-24 are dominant while chains with DP > 37 only account for a minor proportion (Table 3). The ratio of short (DP 6-24) to long chains (DP > 24) was calculated and represented by S/L. HAMY starch showed the lowest S/L compared to other starches, with less chains with DP 6-24 and more chains with DP > 24. With regard to the fractionated starch, B-type granules showed slightly higher S/L than the corresponding A-type except for HAMY starch that exhibited an opposite pattern.

The water mobility and the dipolar interaction were assessed by the spin-spin relaxation time (T2) and the second moment (M2) using time-domain 1 H NMR spectroscopy. Three T2 components (T2a, T2b and T2c) were detected with T2a (0.62 -0.86 ms) associating with protons of intra-granular water (Kovrlija et al., 2020) and accounting for over 93% of the relative intensity (Fig. 4) for all starch cultivars. The proportion of T2b and T2c were too small to be informative. M2 represents both intra-and inter-molecular dipolar interactions between starch protons (Ying et al., 2011). HAMY starch showed the highest T2a and the lowest M2, while the other type of starch showed similar level of T2a and M2. WAXY exhibited a slightly lower T2a and slightly higher M2 than the others. However, no differences in T2a and M2 were found between the corresponding pair of fractionated A-and B-type granules. 

Gelatinization properties

Thermal properties of starch were studied by DSC. The DSC thermogram of N1 and N2 starch displayed similar profiles with two distinct peaks, where the 1 st peak around 60°C refers to the crystallite melting while the 2 nd peak around 100°C refers to the dissociation of amylose-lipid complex (Fig. 5). WAXY starch also showed strong peaks around 60°C while no peaks of amylose-lipid complex were detected due to its negligible amylose content. On the contrary, HAMY starch showed minor peaks around 60°C but stronger peaks around 100°C compared with the other starches for its higher amylose content. The DSC transition parameters were shown in Table 4. WAXY starch showed the highest gelatinization enthalpies (∆H1) (11.8 -13.0) which reflects its highest degree of crystallinity, while HAMY starch shows the lowest (4.2 -5.0). Temperature ranges (R1 and R2) were calculated by Tc -T0 for the 1 st peak and 2 nd and reflected the heterogeneity of crystallites. Both WAXY and HAMY starches showed higher temperature range of starch gelatinization (R1) than the normal starches (N1 and N2), indicating their higher degree of heterogeneity of crystalline structure within granules. A-N1 shows higher ∆H1 than B-N1, while no differences between fractionated granules were found for other type of starch. For the 2 nd peak of amylose-lipid dissociation, A-type always show higher onset temperature (To2) and lower enthalpy (∆H2) than the corresponding B-type granules. 

Starch degradation

The degradation profiles of native and fractionated starch granules by PPA were illustrated in For all wheat starches, the final degradability at 1800 min did not vary significantly between A-and B-type granules. Table 5 showed the kinetic parameters fitted by the Weibull function:

reaction rate coefficient (k, h) and final hydrolysis extent (X∞). For the four wheat starches, it was found that B-type granules showed significantly higher hydrolysis rate than the corresponding A-type granules, whereas the estimated final extent remained similar between A-and B-type granules. 

Correlation analysis

In order to study the relationships between factors, the correlation coefficients were computed using the "Pearson" method with a significant level of 0.05. Only few significant correlations were identified for native starches (Fig. S4) while more correlations were revealed for fractionated granules (Fig. S5). Therefore, the clustering analysis was done afterwards on the correlations of fractionated granules in order to rearrange the factors and put together the higher correlated ones (Fig. 7). Overall, five clusters can be obtained The final degradability X∞ was found to be positively related to the structure features mirrored by cluster 1, and negatively to the ones of cluster 2. More precisely, X∞ presented high correlation levels with S/L, ∆H1 and M2, on one side, and amylose content, T2a, on the other (Fig. S5). However, the reaction rate coefficients (kw, h) were not grouped together with any other factors but separately in cluster 3. They were positively correlated with each other and negatively correlated with A/B ratio. Cluster 4 contained the gelatinization parameters including gelatinization temperatures (To1, Tp1, Tc1) and the temperature range (R1), where Tp1

and Tc1 presented noticeable correlations with S/L. Finally, cluster 5 contained one single factor A/B, which was the only factor at granule level. Moreover, A/B was not found to be related with any other factors except for kw and h. Fig. 7. Heat map representing the correlations between structural and degradation properties of fractionated starches. S/L, the ratio of DP 6-24 to DP>24; DH, double helical conformation fraction; H1, gelatinization enthalpy; M2, dipolar interaction; d, lamellar repeat distance; To2, onset temperature of amylose-lipid complex dissociation; R2, temperature range of amylose-lipid complex dissociation; H2, enthalpy of amylose-lipid complex dissociation; SH, single helical conformation fraction; T2a, water mobility; AF, amorphous fraction; To1, gelatinization onset temperature; Tp1, gelatinization peak temperature; Tc1, gelatinization conclusion temperature; R1, temperature range of gelatinization; A/B ratio, the ratio of A-type to B-type granules.

Characterization of native starch granules

Each starch sample and their fractionated granules were characterised for their multi-scale structure features and degradability. N1 and N2 are commercial wild-type wheat starches and their native starches showed similar amylose content (~34%). At long range-ordered level, N1 and N2 showed similar crystallinity (~26%) and N1 starch showed slightly higher lamellar repeat distance (10.2 nm) than N2 (9.9 nm). More differences were found for their short-range ordered structure. N1 starch showed higher double helical conformation, lower single helical conformation and amorphous fraction than N2 starch. At molecular level, N1 showed higher S/L with more short chains (DP 6-24) and less long chains (DP > 24) of amylopectin compared with N2. This explained why N1 starch contained higher double helical conformation as double helices were mainly formed by short chains with DP 10-20 (Bertoft, 2017). However, it seems that all double helices were not packed in regular arrays and formed crystallites as N1 and N2

starches eventually possessed similar degree of crystallinity. While N1 also showed higher short 

Characterization of fractionated starch granules

Differences between fractionated A-and B-type granules were observed. For all starch cultivars, A-type showed higher double helical conformation, lower or similar single helical conformation and amorphous fraction than the corresponding B-type granules. A-type also showed higher hydrolysis rate than the corresponding B-type granules, which is consistent with the finding of Salman et al. (2009). Nevertheless, differences between A-and B-type granules were not consistent among starch cultivars. In the present study, B-HAMY showed higher amylose content than A-HAMY while the A-and B-type granules of other samples remained relatively similar. Our results appears to be consistent with showed more overall differences in between than those of other starch samples. This is likely due to their higher purity while other A-and B types starches were less well separated, especially N2 starch. 2011). For a given wheat starch, B-type exhibited systematically a higher hydrolysis rate coefficient than the A-type granules due to its higher specific surface area, which certainly facilitates the binding of PPA on accessible α-glucan chains (Warren et al., 2011). This negative correlation between the A/B ratio and hydrolysis rate coefficient supports the previous finding obtained on MAGIC wheat starch in chapter II. One point to be noted here is that wheat starch is known to possess pores and channels (Fannon et al., 1992;Kim & Huber C, 2008). Porosity could cause additional internal surface, thus result in much higher effective surface area and reduce the impact of external surface area on the hydrolysis rate (Dhital et al., 2010). In the present study, the porosity was not analyzed due to the lake of high throughout method allowing exact quantification for a large sample set, and also, due to the small size of B-type granules introducing difficulties in such measurements (Kim & Huber C, 2008). Therefore, the impact of A/B ratio on hydrolysis rate mainly refers to the impact of external surface area measured by particle size analyzer, whereas the impact of internal surface area caused by pores and channels remains unknown and needs further investigations with promising analytical techniques.

Effects of inter-correlated structure features on hydrolysis rate coefficient

Effects of inter-correlated structure features on final degradability

The clustering analysis enabled identifying two major clusters (1 and 2) that group factors associated to amylopectin and amylose structure, respectively. From molecular to short-and long-range order, amylopectin side chains (mainly with DP 10-20) form double helices and contributes to the crystallinity of the starch granules, which explains the classification of S/L ratio, double helical confirmation fraction, crystallinity and gelatinization enthalpy together into cluster 1. Amylose, generally considered to be locating in the amorphous regions, can form left-handed α-helical structure itself (Bergthaller & Hollmann. 2014), which can also interact with other substances such as lipids to form complexes (Bertoft, 2017). Hence, amylose content was closely positioned with the single helical conformation fraction, amorphous fraction and parameters of amylose-lipids dissociation (To2, Tp2, Tc2, R2 and ∆H2) in cluster 2. The lamellar repeat distance d was also found in cluster 2. It is suggested that higher amylose content could increase the thickness of crystalline lamellae (Zhong et al., 2020), therefore might result in thicker lamellar repeat distance.

The X∞ was found to belong to cluster 1, via a few significant and consistent correlations overall with all the factors of clusters 1 and 2. Unlike the <kw, h>, X∞ is more related to the granule composition and chain conformation rather than the surface properties. Significant correlation was found between X∞ and S/L, Tp1, ∆H1, T2a, M2 and amylose content, not between X∞ and crystallinity or double helical conformation, suggesting that X∞ was primarily affected by the amylopectin fine structure associated with the amylose chains, which are reflected at the higher organization levels by the lamellar thickness and the gelatinization enthalpy. The S/L ratio was positively correlated with X∞, probably due to the destabilizing effect of short chains on crystalline structure of starch granule (Jane et al., 1999;Tang et al., 2001). However, the S/L ratio and X∞ were found to be negatively correlated in the previous study on MAGIC wheat starch. This inconsistency is probably due to be the genetic variation resulting in some MAGIC starch having simultaneously more A-type granules and more chains of DP 6-24, which is not the general case where A-type granule usually found to possess more long chains and less short chains.

The gelatinization peak temperature (Tp1) refers to the melting temperature of crystallites, where higher value of Tp1 reflects higher ordered crystallites. The negative correlation between Tp1

and X∞ further demonstrated that it is the packing of double helices rather than the fraction of double helical conformation that affects X∞. Higher water mobility and lower dipolar interaction, which were supposed to reflect a less ordered structure and higher chain mobility, were found to be negatively and positively correlated with X∞, respectively. The negative correlation between X∞ and the amylose content was in good consistence with many studies reporting positive correlations between amylose content and the resistant starch (Li et al., 2019).

Moreover, amylose has been reported to form double helical crystallites in native starch that contributes to the resistance of enzymatic degradation (Jiang et al., 2010). Nonetheless, it should be noted that the effect of amylose could be over-emphasized as samples with wide range of amylose content were used in the present study.

Conclusion

Both native and fractionated A-, B-type granules of normal, waxy and high amylose wheat starches were analysed for their multi-scale structure features and enzymatic degradability.

Differences were found between starch cultivars and also between the corresponding pair of Aand B-type granules, indicating different biosynthesis pathways of A-and B-type granules.

More correlations were revealed while studying on fractionated granules instead of native starches. On the one hand, the hydrolysis rate coefficient mainly depends on starch surface properties represented by the ratio of A-to B-type granules which confirms the previous finding in chapter II on MAGIC wheat starch. On the other hand, starch final degradability was found to be primarily related to the amylopectin-related structural features but could be also affected by the amylose content. Nevertheless, the final degradability was positively correlated with S/L ratio while chapter II reported the opposite. This discrepancy is probably caused by the particular structure feature possessed by certain MAGIC lines, indicating the effects of genetic and environment on starch structure and functional properties. Furthermore, due to the small size and the very low proportion of the B-type granules in normal wheat starch granule, it is challenging to obtain a highly purified B-type granule fraction. This would impact the following structural and functional characterization. Hence, appropriate samples and accurate analytical method will be needed in such studies. As a follow-up study of chapter II, this work provides complementary information and more insights regarding the "structure-degradation" relationship of wheat starch, which could help get a better understanding of starch degradation performances. S/L, the ratio of DP 6-24 to DP>24; d, lamellar repeat distance; To1, gelatinization onset temperature; Tp1, gelatinization peak temperature; Tc1, gelatinization conclusion temperature; R1, temperature range of gelatinization; H1, gelatinization enthalpy; To2, onset temperature of amylose-lipid complex dissociation; R2, temperature range of amylose-lipid complex dissociation; H2, enthalpy of amylose-lipid complex dissociation; DH, double helical conformation fraction; M2, dipolar interaction; SH, single helical conformation fraction; T2a, water mobility; AF, amorphous fraction; A/B ratio, the ratio of A-type to B-type granules.

Introduction

Starch is the natural product by which the plants store energy in the form of polysaccharide for their metabolism and a staple dietary carbohydrate in the human and animal diets. The enzymatic hydrolysis of starch, which is called amylolysis, converts starch into glucose. It is central in biological processes (human/animal digestion, grain germination) and in industrial processes (malting, bioethanol production). Determining the rate and the extent of amylolysis has always been an important topic for the research area, especially for its expected role in human nutrition.

The amylolysis is a heterogeneous reaction, that takes place at the interface between the solid phase (starch) and the liquid phase that conveys the enzyme. The main steps of the reaction include the initial diffusion of enzyme through the different levels of starch organisation followed by the adsorption on the surface (formation of enzyme-starch complex) and finally the catalytic event (Colonna et al., 1992). The action of the amylolytic enzymes is strongly affected by the starch structural features. Starch comprises two polymers of glucose: amylose and amylopectin. Amylopectin, representing the major fraction of native starch, is a highly- 

𝑋 𝑡 = 𝑋 ∞ (1 -𝑒 -𝑘 𝑡 ) (Eq. 1)
Where t is time, 𝑋 𝑡 is the instantaneous hydrolysis extent, 𝑋 ∞ is 𝑋 𝑡=∞ , k is the reaction rate coefficient. The successful fitting of this equation to time-course measurements suggests that, relatively to the amount of digestible starch, the reaction proceeds at a constant rate. In practice the "Exponential model" does not always describe accurately the amylolysis progress curves, The objective of this work is to conduct an analysis of the deviations from the first-order reaction for the amylolysis. A new analysis based on the use of the Weibull model is introduced to gain insight in the amylolysis kinetics in view to better understand the relation to the starch structure features. This new analysis casts a more dynamic vision of the enzymatic degradation of starch by α-amylase which can be aid to assess assumptions put forward in the literature. The kinetics analysis is established from data of amylolysis time-course measurements obtained from a range of native and processed starch from cereals and tubers.

Materials and Methods

Materials

Native starch

224 wheat starches from a 4-way MAGIC population (Huang et al., 2012), waxy and high amylose (HAMY) wheat starches (Ral et al., 2008) were obtained from CSIRO (Australia).

Potato starch, waxy maize starch (Waxylis200) and high amylose maize (Eurylon7 (70%), Eurylon5 (50%)) were obtained from Roquette Frères (Lestrem, France), normal maize starch (Meritena100) from Tereos (France), smooth pea starch (Nastar) from Cosucra (Belgium), wrinkled pea starch (Amylose KG) from Stauderer, (Germany), rice starch (Remy DR) from

Remy industries (Belgium) and amylose free potato starch from Lyckeby (Netherlands).

Extruded starch

Extruded starch samples were obtained as described in Nessi et al. (2018) (Table 1). Potato starch (Roquette Frères, Lestrem, France) was extruded with 0% and 20% (w/w) of glycerol in the form of canes of ~3 mm diameter and referred to as PSG0 and PSG20, respectively.

Recrystallized starch, RECG0, was obtained from PSG0 left to recrystallize for two weeks at high relative humidity (100%). Amylose free potato starch (Lyckeby, Netherlands) extruded without glycerol and with 30% water was referred to as WXG0. The nomenclature with the set of samples is reported in Table 1. 

Cryo-milling

Part of extruded samples were cryo-milled in vials at liquid nitrogen with a Spex Freezer Mill Model 6700. After the cryo-milling, the vials were equilibrated to room temperature in a desiccator for 1.5 h. The final humidity of cryo-milled samples was a little higher compared to the starting extruded samples.

Enzyme

The enzymes used in this study were porcine pancreatic α-amylases (PPA) purchased from Neogen Corporation (Lansing, Michigan, USA).

Methods

Measurement of enzyme activity

Enzyme solutions were prepared freshly prior to every hydrolyses and the activity was checked using the Ceralpha Kit (Neogen Corporation, Lansing, Michigan). PPA (2.5 mg/mL) was suspended in 20 mM sodium phosphate buffer (pH 6.9) at 4℃ and stirred for 20 min. The solution was then diluted (1/2000) and warmed up for 20 min at 37℃. Thirty µL diluted PPA solution was added into a pre-warmed 30 µL HR reagent (blocked p-nitrophenyl α-Dmaltoheptaoside with thermostable α-glucosidase) and incubated at 37℃ for 5 min. After incubation, fifty µL reagent was added into 100 µL Ceralpha stopping buffer. The absorbance was read with a plate reader at 405 nm. The activity was calculated by the following formula:

𝐴𝑐𝑡 ( 𝑈 𝑚𝐿 ) = ∆𝑂𝐷 405 𝜀 × 1 𝑡 × 𝑣 𝑉 𝑒 × 𝐹 (Eq. 2)
where ΔOD405 is the difference of absorbance between the test samples and the control group, ɛ is the slope of the p-nitrophenol calibration curve at 405 nm, Ve is the volume of extraction used for the test, v is the final volume of the test, t is the reaction time (min) at which absorbance is read at 405 nm and F is the dilution factor of the enzyme solution.

Enzymatic hydrolysis of starch

Starch (10 mg) and 1 mL 16 U/mL PPA were added separately into the 96-well microplates and pre-warmed in the thermomixer (Benchmark, USA) at 37℃ for 20 min. One mL PPA was then added into 10 mg starch samples and the microplate was sealed with the mat cover. The mixture was incubated in the thermomixer at 37℃ with a speed of 1500 rpm. Aliquots (15 µL) were withdrawn at 0, 20, 60, 120, 180, 240, 360, 1440 and 1800 min. Each sample was tested in triplicate.

Reducing sugars measurements

The extent of hydrolysis was monitored by measuring the appearance of reducing sugars.

Reducing sugars quantification was conducted using the 3, 5-dinitrosalicylic acid (DNS) method (Miller, 1959). Aliquots (15 µL) sampled at nine different time intervals were added into 100 µL DNS solution in order to stop the enzymatic activity and quantify the content of reducing sugar. The mixture was heated at 90°C for 10 min, then cooled to room temperature.

The absorbance was measured at 540 nm in the plate reader. Maltose was used as a standard for estimating the reducing sugar content.

Modelling starch degradation

The Weibull function was used to fit the experimental data as proposed by Kansou et al.

(2015a)

.

𝑋 𝑡 = 𝑋 ∞ (1 -𝑒 -𝑘 𝑤 𝑡 1-ℎ ) (Eq. 3)
where 𝑋 𝑡 is the instantaneous extent of hydrolysis, 𝑋 ∞ represents the value of the hydrolysis extent at t = +∞. kw can be ascribed to the reaction rate coefficient at the first time unit (t = 1)

for simplicity. More detail on that matter can be found in Kansou et al. (2015a). h is a shape parameter that describes the time-dependency of instantaneous reaction rate coefficient.

Results and discussion

Instantaneous reaction coefficient versus time

The kinetics of hydrolysis of starch by α-amylase is well known to be suitably described by a pseudo-first order reaction kinetics. The pseudo-first order reaction kinetic assumes a constant rate coefficient, kap such as:

𝑋 𝑡 = 𝑋 ∞ (1 -𝑒 -𝑘 𝑎𝑝 𝑡 ) (Eq. 4)
Where kap is supposed to be independent from the time of reaction. In practice, this assumption is not often verified for the digestion of granular starch (Butterworth et The dependence of kap to time can be depicted with experimental estimates using the following transformation of Eq. 4:

- ln( 𝑋 ∞ -𝑋 𝑡 𝑋 ∞ ) 𝑡 = 𝑘 𝑎𝑝 (Eq. 5)
𝑋 ∞ is unknown and methods have been proposed to obtain accurate estimates (Butterworth et al., 2012). For this demonstration, accurate estimates of absolute values for 𝑋 ∞ do not matter, only the general form of the time-dependency of 𝑘 𝑎𝑝 is needed. Hence, the closest experimental value of 𝑋 ∞ can be used as a proxy as usually done (e.g. in Kansou et al., (2015a)). That would be the maximum value of 𝑋 𝑡 after the hydrolysis extent reaches a plateau. In this work, we used 𝑋 1800 as a proxy for 𝑋 ∞ . In addition, Eq. 5 is not defined at t = 0 and then computing kap (t = 0) from 𝑋 0 is not possible. This is not a true limitation as in practice 𝑋 0 is never measured at t = 0 but as soon as possible. Therefore, the first measurement can be fixed at a reasonably short time (here the first measurement was at t = 2 min), again for the sake of identifying the change of 𝑘 𝑎𝑝 with time.

To illustrate various types of the time-dependency for kap, examples of estimates from the hydrolysis of various wheat starches investigated in Wang et al., (2022) are reported in Fig. 1 on a semi log plot. The changes of kap with time are higher during the first time-points of the hydrolysis, later on kap apparently tends to converge through a narrower range of values. Thus, from t = 360 min onwards the values of kap get remarkably close, between 0.0023 and 0.0035, while they vary from 0 to 0.017 at t = 2min. Others examples of time-measurements from Wang et al., (2022) show that from 24 h (1440 min) onward, the digestion of the hydrolysable fraction is mostly completed, which makes the determination of kap more uncertain beyond 1440 min.

To model the relation of kap with time, a popular view is to consider two discontinuous phases, a relatively rapid early phase followed by a later slower phase (Butterworth et al., 2021). To avoid the discontinuity while keeping a high goodness-of-fit, Kansou et al. (2015a) used the power function introduced by Kopelman (1988) to model heterogeneous first-order chemical reaction in a "fractal" space:

𝑘 𝑎𝑝 ̂= 𝑘 1 𝑡 -ℎ (Eq. 6a) log 𝑘 𝑎𝑝 ̂= -ℎ log 𝑡 + 𝑘 1 (Eq. 6b)
where h is the slope that characterises the dependency of kap on time and 𝑘 1 is 𝑘 𝑎𝑝 ̂(𝑡 = 1). Fig. 1 reports curves from this model. It gives a reasonable description of the experimental points which improves the standard exponential model (Kansou et al., 2015a). The integration of the first-order reaction rate with 𝑘 𝑎𝑝 ̂= 𝑘 1 𝑡 -ℎ leads to the Weibull function (Eq. 3).

Three cases can be identified from Fig. 1: -For h = 0, 𝑘 𝑎𝑝 ̂= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, in agreement with a pseudo-first order reaction.

-For 0 < h < 1, 𝑘 𝑎𝑝 ̂ decreases with time. This depicts a rapid-to-slow digestion kinetics widely observed (Nguyen and Sopade, 2018).

-For h < 0, 𝑘 𝑎𝑝 ̂ increases with time, which would describe a less common slow-to-rapid digestion kinetics (Nguyen and Sopade, 2018).

Estimates of kap tend to converge with time towards similar value, identified by the value of 𝑘 𝑎𝑝 ̂ for which h ≅ 0, i.e. the horizontal line in Fig. 1.

The case 0 < h < 1 would match the diffusion-limited reactions occurring in fractal space envisioned by Kopelman (1988). Hence, h has been suggested to mirror the reaction rate retardation in the case of starch hydrolysis (Kansou et al., 2015a) by analogy with the hydrolysis of cellulose (Väljamäe et al., 2003). Both the occurrence of the case h < 0 and the potential convergence of kap towards a pseudo-first order condition does not support this interpretation of h in the case of amylolysis.

Application of the Weibull model to various in vitro degradation kinetics

Illustrative examples of hydrolysis results and fitted curves for three different MAGIC wheat starches are represented in Fig. 2. In the general case, starch is hydrolysed rapidly during a first period as shown by the steep increasing curves, then the hydrolysis rate slows down until it gets negligible in the end. Goodness-of-fit is assessed by the adjusted-R 2 for the sake of simplicity.

Time-course measurements of the hydrolysis of starches listed in materials have been produced

and then fitted with the Weibull function. Overall, the adjusted-R 2 is 0.982 ± 0.013 on average, reflecting a very good fitting level. The averaged fitted parameters for each type of starch are shown in Table 2. The values of kw vary from 0.001 to 0.047, with rice and wrinkled pea starch showing the highest kw values, indicating their higher hydrolysis rate compared with other type of starch. Compared to the two HAMY maize starches, the HAMY wheat starch also showed a relatively high kw, even higher than the waxy wheat starch. The range of value of h is between -0.181 and 0.248. In the general case, h is slightly positive which reflects a moderate rapid-to-slow degradation pattern.

Amylolysis with h < 0, rapid-to-slow pattern can be found in the present study for waxy wheat.

This slow-to-rapid degradation pattern has been also observed by Liu & Sopade (2011) on in vitro starch digestion of sweet potato samples. Overall, the Weibull function showed good level of goodness-of-fit for both native and extruded starch samples. h is a supplementary parameter that helps getting a better description of diverse amylolysis time-course measurements. The average value of all extruded starches describes in Materials and methods

Analysis of the kinetic parameters (kw, h)

In vitro digestions of series of maize starches and wheat starches fitted by the Weibull function revealed that kw and h were highly and positively correlated, whereas no significant correlation was found between kw and X∞ or between h and X∞ (Olawoye & Gbadamosi, 2020;Wang et al., 2022). Fig. 3 describes the form of the relation between kw and h for MAGIC wheat starches. The relation can be well described by the following regression model, we call for short the hkmodel:

ℎ = 𝑎 ln(𝑘 𝑤 ) + 𝑏 (Eq. 7)
With an R² of 0.88, the model shows a satisfactory goodness-of-fit. A specific point is reached for h = 0, in this case kw is time-independent and becomes the rate constant of the exponential model (Eq. 4), as explained above. We refer to kw (h = 0) as ke whose value from Eq. 7 is obtained from:

𝑘 𝑒 = 𝑒 -𝑏 𝑎 (Eq. 8)
The value of ke corresponding to Fig. 3 is 0.0027, which is actually close to average value of kw (Table 2)

The strength of the relationship between kw and h suggested that these two parameters always vary the same way in the general case, a higher or a lower value of h would go alongside with corresponding higher or lower value of kw. Hence, most likely the two parameters reflect the same mechanism in the case of amylolysis. In order to assess this assumption, the couple <kw, h> was examined in a variety of experimental conditions.

Factors influencing the instantaneous rate coefficient (kw, h)

Plant source

The hydrolysis kinetics of starch from different botanical sources including rice, wrinkled pea, normal and waxy potato, waxy and HAMY maize were studied. Modelling of the relationship <kw, h> is represented by Fig. 4. The regression models are lined up along the x-axis, which mostly differed by their intersection points. For each model, the intersection point with x-axis represents the corresponding rate coefficient constant ke (when h = 0) and can be obtained by Eq. 8. As shown in Table 3, waxy wheat starch showed the highest ke (0.0058) while HAMY maize (70%) showed the lowest (0.0007). These two starches are well known to exhibit respectively high and low hydrolysis rate (Planchot et al., 1995). Rice, wheat, wrinkled pea and waxy maize possessed higher ke than HAMY maize, potato and waxy potato starches, which is consistent with previous reports that the former starches showed relatively higher hydrolysis rate than the latter starches (Planchot et al., 1995;Blazek & Gilbert, 2010). The HAMY wheat starch used in the present study unexpectedly showed a high ke value, similar to waxy maize starch, indicating its high degradation rate. Thus, ke seems to be an important indicator of starch degradation from different plant sources. Independent from time, ke is supposed to represent the inherent characteristics of starch that influences the degradation rate. It varies according to the botanical sources, e.g. the granule composition. 

Extrusion and cryo-milling

To modify variations of the specific surface area of samples in order to affect purposely the amylolysis kinetics, four extruded starch samples were produced from granular potato starch without glycerol (PSG0) and with glycerol (PSG20). RECG0 was obtained from the recrystallization of PSG0. WXG0 was obtained from waxy potato starch. Samples were also ground via cryo-milling, noted PSG0-G, PSG20-G, RECG0-G and WXG0-G. Each sample was then hydrolyzed twice: (1) in "bulk" as a chunk of the extruded cane in the form of a cylinder of 1 mm tall for a section of 3 mm long, (2) as a "powder" obtained after cryo-milling. The Table S1 in supplementary data reports the particle size distribution after cryo-milling. The range of average particle size is 42 -360 µm for powder samples, which represents considerably more accessible surface for the enzymes than for the bulk. To provide a point of comparison, the native potato starch, noted PS, was also ground via cryo-milling, noted PS-G.

The Fig. 5 depicts the relationship <kw, h> already observed in Fig. 3 for amylolysis of wheat starches. Despite various processing treatments, a unique hk-model of ke = 0.0030 can be identified for the extruded samples. A distinct hk-model can be identified for native potato starch (PS and PS-G), with ke = 0.0011. The extrusion of potato starch gives a higher value of ke, which reflects an overall higher susceptibility of extruded starch to the action of PPA compared to native starch. The samples also exhibit significantly higher <kw, h> values after cryo-milling with, h > 0 in the general case, while h < 0 in majority, for the digestion of extruded canes as it is. A similar but less important impact of the cryo-milling on amylolysis can be observed for PS and PS-G as well. Contrary to cryo-milling that affected mainly the value of <kw, h>, extrusion lead to distinct hkmodels and ke. We suggest this is mainly related to the extent of the macromolecular structure alteration, more significant for extrusion (Logié et al., 2018) than for cryo-milling (Dhital et al., 2011). As reported in previous work, the size and the molar mass of the amylopectin chains of extruded potato starch reflect a chain splitting at the core of the macromolecule, brought about by shear and thermal stress (Zhang et al., 2015;Logié et al., 2018). Amylopectin undergoes higher degradation and size reduction than amylose due to its branched nature and inflexible structure, and potato starch has a relatively high amylopectin content (Liu et al., 2010;Logié et al., 2018). Extrusion causes the disruption of the native starch organization, resulting in a mainly amorphous material (Barron et al., 2001). Thus, the overall reduction of the branching and of the size of the α-glucan chains is consistent with the higher susceptibility to α-amylase catalytic action, reflected by a higher ke.

The cryo-milling has positive impact on <kw, h>, which can be firstly attributed to its smaller particle size and then by a higher surface area per unit weight, which favor the binding of amylase and the digestion rate (Warren et al., 2011;Tahir et al., 2010;Zhang et al., 2015).

Cryo-milling must also disorganize the amylopectin chains, disturb the crystallinity and the amount of double-helix to a certain extent, as shown by Dhital et al., (2011). The flexible αglucan chains at the surface of starch generated via gelatinization, has been shown to be digested by amylase at a rapid rate compared to the granule core (Baldwin et al., 2015). Thus, the amylolysis of α-glucan chains ordered inside the granule would be limited by the relatively slow diffusion of the amylase (Dhital et al., 2017).

Both the higher specific surface area and the amount of disordered α-glucan chains at the substrate surface would clearly favor high <kw, h>. Hence waxy potato starch WXG0-G which exhibits on average the highest <kw, h> values (Fig. 5), is the most likely to present mobile amylopectin chains at the particles surface. This is consistent with Zhang et al. ( 2015) study that suggests that high amylose content in extruded starch exhibits a lower digestion rate compared to waxy or normal starch due to the capacity to retain the local molecular density, via reduced swelling, at hydration. In the case of RECG0-G, the high <kw, h> values, is certainly due to the small average particle size (Table S1). At the other side of the figure, PSG20 exhibits on average the lowest <kw, h> value. With the addition of glycerol, this material has preserved a significant part of the native structure of the potato starch, which is naturally resistant to amylolysis (Nessi et al., 2018). It is noteworthy that the diffusion of water into PSG20 observed by Nessi et al., (2018) is more rapid than for PSG0 and RECG0, but the swelling is very limited.

The previous results show that for native starch and processed starch the variability of the values of <kw, h> can be correctly described by a hk-model, i.e. an empirical regression model. This suggests that kw and h are indeed inter-dependent. Under this assumption, the instantaneous reaction rate coefficient 𝑘 𝑎𝑝 ̂ can be simulated by combining Eq. 6 with the hk-model equation as follows:

𝑘 𝑎𝑝 ̂= 𝑘 𝑤 𝑡 -(𝑎 ln 𝑘 𝑤 +𝑏) with the following approximation 𝑘 1 ≈ 𝑘 𝑤 (Eq. 9)

Simulated 𝑘 𝑎𝑝 ̂ corresponding to the hk-model presented in Fig. 5 for extruded samples were computed from Eq. 9. Results are reported in Fig. 6. The simulation distinguishes ground starch amylolysis with decreasing 𝑘 𝑎𝑝 ̂ over time, and starch cane amylolysis with increasing 𝑘 𝑎𝑝 ̂ over time. All simulated curves seem to converge towards the horizontal red line which marks the value of ke. There is no actual convergence however, which is likely a limitation of this empirical model. Indeed, there is a unique intersection point for all the curves at 1449 min,

given by 𝑡 = 𝑒 1 𝑎 . The simulation results match qualitatively the evolution of 𝑘 𝑎𝑝 envisioned in experiments would be needed to obtain more accurate estimates of 𝑘 𝑎𝑝 and then assess the adequacy of Eq. 9 with respect to experimental results. These results suggest that during the first time of the hydrolysis, 𝑘 𝑎𝑝 depends mainly on the surface properties of starch, which influences the diffusion and the initial binding of the αamylase on the substrate. As the hydrolysis goes on, other structural properties of starch must become more determinant since 𝑘 𝑎𝑝 tends to reach a specific value (ke) with time, regardless of processing of the native starch. This strengthens the hypothesis that ke reflects inherent and "stable" properties of the starch material, for example related to the macromolecular structure and organization. Our results are actually consistent with the explanations generally given for the rapid-to-slow digestion process (Zhang et al., 2015). It is suggested that first rapid digestion process results from the hydrolysis of flexible α-glucan chains attached to the surface, whereas the subsequent slow digestion process can result from molecular and/or mesoscopic factors that restrict the action of amylase via higher local molecular density or more ordered structure (Zhang et al., 2015). Likewise, the study of wheat and pea starch degradation using Logarithm of Slope (LOS) method showed two distinct phases with different rate constants, which has been revealed by a discontinuity in the linear plot (Butterworth et al., 2012). Therefore, it was suggested that the rate constant in the first phase depended on the immediately accessible αglucan chains exposed on granular surfaces, whereas that of the second phase related to the remaining polysaccharide in starch granule. The <kw, h> and ke of the present study are pretty much similar to these two rate constants found by the LOS plot, thus can provide important information about the structure properties (surface and inherent) of starch.

Analysis of hk-model

While ke seems an important indicator to discriminate starch structure, the range of value of <kw, h> is also important to account for the amount of readily digestible starch, which plays a role in glycemia and insulinemia during the first phase of the digestion. Our results suggest that <kw, h> mirrors the starch substrate intrinsic heterogeneity which appears especially clear in transmission electron micrographs (Gallant et al., 1997;Gérard et al., 2001) and fluorescence recovery after photobleaching observations (Dhital et al., 2013). This completes our previous assumption that the high value of h would be related to the granule structure heterogeneity (Kansou et al., 2015b).

Conclusion

Various starches from wheat, maize, rice, wrinkled pea and potato (potato starch subjected to different treatments) were studied for their hydrolysis performances by porcine pancreatic αamylase. The Weibull function containing three parameters kw, h and X∞ was applied for curvefitting and a good fitting quality was proved. For all types of starch being studied, kw and h were highly and positively correlated, thus they need to be interpreted together for the instantaneous reaction rate kap. The analysis on kinetics parameter for starches from various botanical sources and also starch under different treatments revealed that hydrolysis performances depends primarily on two factors: (i) the inherent granular composition represented by the ke, and (ii) the surface property of starch granules represented by <kw, h>. kap is considered to be firstly determined by the surface properties during enzyme diffusion and later on by the chemical composition of granules as kap converges towards ke in the end. These findings provide important information that relate the kinetics parameters of the Weibull function with factors that contribute to starch hydrolysis. We believe that it could help with a better understanding of starch hydrolysis performances.

Starch structure and degradation have been investigated for decades however studying their relationships remains challenging due to its multidimensional structure and our incomplete understanding of its complexity. In particularly, the interdependencies between the multiple starch structural features hinder the identification of their respective contribution to the starch degradation. The application of multivariate analysis techniques represents a way to cope with interrelated structural features and multifactorial problems. Performing the bibliography and the systematic review, we noticed, however, that its application is generally limited as most of the published studies used small dataset due to limited starch sources and time-consuming analysis and hydrolysis assays.

The originality of this research lays on two main aspects with overarching goals are to develop innovative approaches to describe interrelated structural factors impacting starch degradability by a-amylase. My PhD thesis had therefore as a primary objective to establish a relatively high throughput screening method for starch and as second objective to determine suitable multifactorial and kinetic modelling analysis to investigate the contribution of starch structure on enzymatic degradability. In this chapter we will summarize the main findings presented in chapters II, III and IV of this manuscript and we will further discuss the results and possible perspectives for this work.

The application of the screening method and multifactorial analysis -How to develop a screening method adapted for large starch population and why?

The screening method was developed to allow screening starch samples of a 4-way wheat MAGIC population (Multi-Allelic-Genetic-InterCross population (CSIRO, Australia)).

Originating from an inter-cross among four Australian elite wheats, this population contains genetically diverse varieties, from which 800 lines have been measured for their structural properties including the amylose content, amylopectin chain length distribution, granule size distribution (A/B), endogenous α-amylase activity and starch viscosities. The 224 MAGIC starch samples generated from grain produced in a single site-year were used in the present study. They showed a wide range of A/B ratio with other structural properties remaining relatively similar and within the normal range. As for the enzyme, the porcine pancreatic αamylase (PPA) was selected for its ability to effectively hydrolyzed native wheat starch.

In order to accommodate the large sample size, the degradation was directly performed in the 96-well microplate. After the adjustment of the hydrolysis conditions (see annex 1), 10 mg of starch and 1 mL PPA (16 U/mL) were incubated in a thermomixer at 37°C over 1800 min. To increase the accuracy, the experiment was carefully designed using randomly distributed and replicated samples across different microplates, and systemically including the same two control samples in each microplate. The hydrolysis extent determination was performed through the quantification of the reducing sugar. The DNS method was selected for its ability to be applied to large sample set despite some drawbacks, e.g. the color intensities depend on both time and number of glucose unit. Additionally, DNS has a relatively low sugar sensitivity thus avoiding the need of dilution before the measurement and simplifying the manipulation.

To assess the hydrolysis kinetics, the Weibull function was selected out of kinetics models to perform the curve-fitting, as it assumes a more flexible time-dependent reaction rate coefficient kw.t -h compared to a reaction rate constant k in the usual first-order kinetic model. Once the dataset was built including the hydrolysis and structure data, we performed a principal component analysis, to generate independent variables and apply a hierarchical clustering to group starches by similarity. By examining each group, we were able to reveal probable combined effect of granule type distribution and chain length distribution on the starch degradation.

Our results showed that MAGIC starch covered a wide range of degradability after 1800 min from 63.6 to 79.9%, demonstrating that the screening method was robust and sensible enough to discriminate large sample sets by their degradability even using samples with relatively similar structural properties. It was noted that each sample showed variations (sometimes nonnegligible) among three repetitions. Those variations required the use of a curve fitting for each replicated sample before averaged values of the Weibull function parameters being estimated. This issue will be discussed in the following section (Section 2).

The Weibull function showed a high goodness-of-fit, from which the hydrolysis rate coefficients kw and h were found to be highly positively correlated. This finding was later exploited for a deeper analysis of the starch degradation kinetics, presented in chapter IV. The combination of the screening method and multifactorial analysis allowed the identification of combined effects of granule size distribution (A/B) and amylopectin chain length distribution (S/L) on starch degradability. The A/B ratio exhibited negative effects on both hydrolysis rate coefficients (kw, h) and hydrolysis extent (X ∞ ), while the S/L showed positive effect on kw, h but negative effect on X∞. Moreover, the amylose content showed a lesser, but significant negative effect on kw. Hence, the granule size distribution and chain length distribution were revealed as important influencing factors for starch degradation and might be important for starch selection. The potential "structure-degradation" relationship found in this study are summarized in Fig. 1. In conclusion, the developed methodology would help discriminating and selecting starch with desired degradability from different cultivars and provide insights of structural factors to be linked to genomic region and introgressed in breeding programs. As a matter of fact, several MAGIC starches demonstrated degradation performances very similar to the high amylose wheat starch and are therefore potentially of interest for human nutrition; these particular wheat lines could be of interest for industries as high amylose wheat starch generally shows low viscosity which causes low falling number and restricts its use in many applications. For future optimization of the method, improved purification of starch could be achieved with the use of protease during starch extraction for a complete remove of proteins and lipids. Further studies on gelatinized starch is also of interest as starch is generally being processed and/or cooked before human consumption and that would make the screening method more valuable for nutritional applications.

However, using a large number of samples in this study has its drawback. There are only a limited number of structural characterization technics that allow high to mid throughput screenings while others are time-consuming and cannot be carried out on large sample set.

Therefore, only structural feature of amylopectin at the molecular level and granular size distribution were measured, and this analysis did not provide a deep characterization of the hierarchical starch structure. It is also interesting to note that some of the factor (pores, holes, proteins and lipids) that can also influence starch degradability were not being measured in the present study. For proteins and lipids, either a complete remove or a determination of their contents would be interesting to perform in order to investigate their roles in starch degradation.

With regard to starch porosity, it is not easily quantifiable but could be further analyzed with microscopy or semi-quantitative methods on a small sample size.

A more complete structural characterization including the supramolecular level, e.g. lamellar structure, crystallinity, was developed in the chapter III of this thesis and was expected to provide a better view of starch structure and more insights towards understanding the "structure-degradation" relationship.

-Does the in-depth investigation on selected and fractionated wheat starches lead to a better understanding of starch structure and its effect on degradation?

The potential effects of structural features on starch degradability from 224 wheat MAGIC starches allowed the identification of critical factors influencing degradability. To confirm these hypotheses and to better understand the effect of the A/B granule ratio on starch degradability, four non-MAGIC wheat starches were selected, and their native and fractionated granules were analyzed for a more complete structural characterization and degradability.

Samples including normal, waxy and high amylose starches were selected in order to cover a large range of structural features. A sedimentation technique was selected for its efficiency in Differences were observed between starch cultivars and also between the pair of A-and B-type granules especially in the crystallinity, double helical, single helical and amorphous content.

The correlation heatmap with clustering grouped two sets of factors associated respectively to amylopectin and amylose. These two groups are negatively correlated in between while factors within each group were positively correlated. The final degradability (X∞), found in the same group as the factors associated with amylopectin molecule, was positively correlated with the S/L ratio while negatively correlated with the amylose content. This positive relationship between S/L and X∞ is the opposite of that found previously on MAGIC starch. One possible explanation is that some MAGIC starches probably possess a particular granule structure due to the genetic variation, thus resulting in this discrepancy. With regard to the hydrolysis rate coefficients (kw, h), they were negatively correlated to the A/B ratio which supports the previous finding on MAGIC wheat starch.

To conclude, this follow-up study confirmed some of the previous results and also provided complementary information regarding the "structure-degradation" relationship of wheat starch.

The comparison study between native and fractionated wheat starch granules revealed that studying fractionated granules provides more insights and better understanding of the "structure-degradation" relationship, as some of those would be masked in native wheat starch due to the bimodal distribution. Nevertheless, one of the challenges of fractionated granules studies lays on the purification level for B-type granules strongly dependent on their small size and minor proportion in native starch. The B-type granules are generally found to bound to the surface of A-type granules, thus are more difficult to be separated. In the present study, N1 starch showed relatively high purified B-granule fractions while N2 starch B-granules was not very well isolated ed. This could be one of the reasons why the pair of A-and B-type granules of N1 starch tended to show more differences in between compared with that of N2 starch.

Advanced analytical techniques and proper sample are necessary for a better segregation of these two granule fractions, allowing a more accurate starch structure characterization.

The "hk" model: a new view on starch degradation kinetics

In the present study, a variant of the first order kinetic model (Weibull function) was applied to fit time-series of starch degradation. The model has three factors, of which the two related to the reaction rate coefficients, kw and h, were found to be highly and positively correlated. We found that the relationship can be fitted by a simple regression model, which we called the hkmodel (Fig . 2). With this insight, a further study on other types of starch (potato, maize, rice and pea) proved that the hk-model can also be observed for starch from other plants (cereals and tuber). Finally, we observed this relation for extruded starch obtained from the same source but with varying processing conditions. It turns out that the hk-model is likely a relation that can be systematically observed in the conditions of the present work. 

-How can we explain the variability of starch degradation among repetitions?

As noticed previously in chapter II, while doing the screening on 224 starches, the variability of kw and h among the repetitions can be quite important. It was considered to be a result of the technical repeatability across plates due to the unstable enzyme activity, the sampling of small amount of starch and the time-dependent color development of DNS. However, after analyzing the kinetic parameters kw and h of triplicate samples of starch from different plant origins, we observed that both parameters vary according to a monotonic function, so-called hk-model.

Most likely the variation does come from the sampling of small amount of materials, which is then not representative. However, this variation concerns mainly surface properties and size of particles. The intrinsic organization of the starch materials remains stable regardless of the sampling.

-What does kw and h represent and how to interpret the instantaneous reaction rate?

Starch from each botanical origin showed a unique hk-model characterized by the intersection point with x axis, which represents the hydrolysis rate constant when h = 0, called ke. To further explore how kw and h are related to starch structure, we investigated the degradability of extruded potato starch, with different formulations (0 or 20% glycerol) and post-treatments (recrystallization, cyro-milling). Our results confirmed that small particles, with larger specific surface areas, are more rapidly digested compared to large particles. The high impact of cryomilling, especially on extrusion of waxy potato starch, also supports the suggestion that αglucan chains exposed at the granule surface are readily hydrolyzed by amylase. The results suggested that <kw, h> are mainly determined by the specific surface area, and then by the diffusion and the adsorption of the enzymes, which is consistent with previous works on starch digestion kinetic.

Simulating the instantaneous reaction rate (kap) according to a given hk-model, we showed that it either increases or decreases over the time course, depending on the substrate surface properties, but it eventually converges towards a unique ke in the end. In other terms, the degradation rate coefficient is firstly time dependent and then progressively reaches out a pseudo-first-order kinetic, with a constant reaction rate. These results also suggest that during the first instant of the hydrolysis, the kinetics depends mainly on the surface properties of starch, which influences the diffusion and the initial binding of the α-amylase on the substrate, while later on, it is gradually driven by the inherent starch composition and organization represented by ke.

To conclude, new insights of starch degradation was provided by investigating the hk-model.

The model has the potential of revealing starch structure properties by kinetic parameters.

Although the present work is mainly based on native starch, the application of the hk-model can also open up to other sample types commonly studied in human nutrition, i.e. processed and modified starch. This would further provide insights into other nutritional applications of the hk-model.

Annex 1

Optimization of the hydrolysis conditions

This annex presents the initial optimization of the starch enzymatic hydrolysis assay, performed at the beginning of the thesis in the laboratory of BIA of Nantes. As we observed some variations of the hydrolysis results with the materials and with the laboratory equipment, it had to be readjusted when I moved to the laboratory of CSIRO of Canberra and when I used amylase with a different conditioning (for the best), in order to get consistent results throughout the thesis. Hence, the hydrolysis conditions reported in chapter II, III and IV somewhat differ from the optimal conditions reported here.

Materials

Substrate

The samples are Wild Type (WT) and Waxy (Wx) wheat starches from variety BW26 and EH6, respectively (CSIRO, Australia).

Enzyme

The enzymes used are porcine pancreatic α-amylase (PPA) (Type VI-B, A3176-2.5MU, Sigma, USA) and Bacillus Licheniformis α-amylase (BLA) (Megazyme, USA).

Incubator

Two incubators were used: option 1: an initial built in-house combining an agitator placed in a thermostatically controlled oven (Thermo Fisher, USA) and option 2: a ThermoMixer (TM) (Benchmark, USA). 

Methods

Purification of the enzyme

The enzymes had to be purified as PPA contained lactose and BLA contained salts and small molecules that disturb the measurement of reducing sugars. Before purification, 0.05 g/mL PPA solution was prepared and centrifuged for 10 minutes at 9000 g. The supernatant was recovered.

BLA was diluted 1/2. Three purification methods were tested as presented in the following part.

1) Dialysis (24 h)

The enzyme solution was dialyzed using a Spectra Por membrane (Spectrum Laboratories Inc, USA) in 2 L of 20 mM phosphate buffer (pH 7) at 4 °C with stirring. The dialysis buffer was replaced after 2 h, 4 h, 6 h, and 8 h. The enzyme solution was collected after 24 h.

2) Desalting (2-3 h) PPA: Put 2.5 mL PPA into the desalting columns, collect 2 mL of the eluted solution.

BLA: Put 2 mL BLA and 0.5 mL phosphate buffer into the desalting columns, collect 3 mL of the eluted solution.

3) Ultrafiltration (2-3 h) Put 10 mL of enzyme solution in a Vivaspin Turbo 15 (15 ml volume, 10KDa porosity, Sartorius), equilibrate the tubes and centrifuge at 4000 g for 30 minutes. Repeat this step three times and collect the enzyme solution.

Determination of the enzyme concentration

The enzyme concentration was determined by measuring the OD at 280 nm. The calculation was done using Beer-Lambert law.

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑂𝐷 𝜀 × 𝐹

OD: Optical density measured at 280 nm ɛ: 2.5 l/mg/cm for 1 mg/mL PPA solution F: Dilution factor

Measurement of the enzyme activity

The enzyme activity was measured using the kit Ceralpha of Megazyme.

Enzymatic hydrolysis

Enzymatic hydrolysis was performed in the 96-well microplates, with 10 mg of starch and 1 mL of enzyme solution incubated in either of the above-mentioned options at 37 °C.

Quantifying the reducing sugars

The DNS method was used to measure reducing sugars. The reaction was carried out in the microplates which were heated at 90 °C for 10 minutes and then measuring the OD at 540 nm after cooling down.

preparation time and the volume collected after purification, it was concluded that desalting was currently the best choice for purifying PPA. Testing the conditions of the enzymatic hydrolysis

In order to improve the hydrolysis, desalted BLA was tested instead of dialyzed PPA. However, the degree of hydrolysis using BLA was particularly low for no particular reason (Fig. 4). The cause of this apparent α-amylase inefficiency was investigated as it invalidated all other tests aimed at improving the protocol of the hydrolysis assay. Several tests were carried out however the results from these tests were all negative:

1) Testing desalted PPA to confirm the effectiveness of the enzyme Desalted PPA (16 U/mL) was tested on wheat starches WT and Wx, using ThermoMixer (37 °C, 700 rpm). According to Fig. 5, hydrolysis with desalted PPA remains almost at the same level as desalted BLA, they were all weaker than that of dialyzed PPA, which confirmed that the weak hydrolysis was not related to the desalted BLA. 2) Checking the purification method for enzyme Hydrolysis of WT and Wx wheat starches was proceeded with 16 U/mL dialyzed PPA and compared to that of desalted PPA. Fig. 6 indicates that there was not a significant difference between desalting and dialysis. 3) Checking the condition of the substrates Waxy maize starch was hydrolyzed using the same conditions as before. According to Fig. 7, the hydrolysis was at the same level. Therefore, it was considered that the sample was not damaged over time. 

Introduction

The study of starch hydrolysis by amylase, or amylolysis, in human health is central for assessing the role of starch in foods [1]. Amylolysis is also important for many industrial processes such as malting and fermentation, as well as the production of glucose, glucose syrups and bioethanol [2]. Finally, it is a fundamental natural process by which the energy stored in granular starch is delivered for the plant metabolism.

Starch comprises two polymers of glucose residues: amylose and amylopectin. Amylopectin represents by far the major fraction of native starch-75-90% of the relative dry weight of wild-type starches-while amylose is the minor fraction [3]. Both amylose and amylopectin are essentially composed of linear long chains of α-(1,4)-linked glucosyl units with α-(1,6)-branched points [4]. Amylose is essentially linear, with less than 1% α-(1,6)branched points, while amylopectin is a highly-branched shorter α-(1,4) chain of glucosyl units with 5% α-(1,6)-branches [5]. Native starch appears in the form of granules with alternating amorphous and semi-crystalline growth rings extending from the core of the granule, which are called hilum. Starch granules exhibit a hierarchical structure in which amylose and amylopectin are arranged into a scaffolding of distinct organizational levels ranging from the molecular (~1 nm) to the granular (<100 µm) scale. Native starch exhibits a large range of structural (e.g., macromolecular structure, relative crystallinity and crystal polymorph, granule morphology) and physicochemical (e.g., swelling, viscosity, digestibility) properties that can be used to meet various end-uses, in particular in food applications. Recent advances in crop selection and genetic approaches extend the potential properties of starch in crops even further [6]. More than ever, in vitro degradation of native starch by amylase appears as a benchmark to characterize starch from "farm to fork" before any starch-altering process (gelatinization, annealing, heatmoisture treatment, extrusion, etc.). It is especially useful for crop breeders as a marker of starch quality, which helps to orient crop selection [6]. In the human diet, starch-rich foods are digested at different rates and to different extents, which determine their nutritional value and their impacts on human health. It is generally accepted that slowly digestible starch causes a moderate postprandial glycemic response associated with beneficial effects on human health [1], while undigested starch (or resistant starch) can be regarded as a dietary or functional fiber [7] modulating the gut microbiota with beneficial health impacts. In vitro assays are commonly used to test starch digestibility, in an attempt to mimic human physiological processes.

Hence, in vitro starch amylolysis is commonly used in different research contexts. However, whatever the research context, the in vitro assay is generally used to investigate the mechanism by which the starch structure controls its enzymatic degradation. Many publications and review papers address this topic (e.g., [8][9][10][11]), so that the effect of the observable structural features of starch on amylolysis has already been described. However, amylolysis depends on the type of enzyme used and on the interrelated structural features, including the macromolecular composition, granule morphology and non-starch components [10]. Granule size, amylose to amylopectin ratio, crystal polymorph, granular pores and channels could all affect starch degradability to different extents [12,13]. This is a multifactorial problem that involves an interdependency between the different structural levels of starch.

Different methods exist for conducting starch digestibility analysis depending on the research branch and on the pioneering works the methods are based on, such as the Englyst et al. [14] classification of starch digested fractions or the Goñi et al. [15] first-order kinetic model. This applies to the in vitro assay of amylolysis [16,17] or to the kinetic models used to describe the time-course measurements of glucose release [18]. Such a diverse offer raises questions regarding what methods are actually used and their respective benefits and shortcomings. Hence, it is necessary to report on the starch amylolysis methods (incl. data analysis) used in recent publications in a systematic five-year review, with a view to identifying suitable and consistent methods across the domains.

The objective of this paper is to present a systematic review of recent publications investigating the relationship between amylolysis and starch structure, including starch materials, factors investigated, in vitro assay techniques and data analysis techniques. The review provides an overview of dominant research strategies, bottlenecks and emerging strategies in view to outline promising methods for a benchmark starch digestibility analysis. This review paper has two main sections; (i) the first section presents an overview of the intrinsic starch structural features and the experimental conditions that influence the native starch amylolysis results, and (ii) the second section presents a systematic review of the publications on the topic from 2016 to 2020.

Factors Influencing Starch Hydrolysis

Starch Structure-Amylolysis

The processing of native starch generally affects its susceptibility to enzymatic degradation significantly, to the point that it can get more important than the native structure; here we used "starch" to refer to native starch unless specified otherwise. The starch enzymatic hydrolysis is a heterogeneous reaction as the catalytic act takes place at the interface between the solid phase (starch) and the liquid phase that conveys the enzyme. It involves different steps, including the initial diffusion of enzyme through the different levels of starch organisation followed by the adsorption on the surface (formation of enzyme-starch complex) and finally the hydrolytic [19]. Different types of enzymes such as glucosidase, isoamylase, glycosyl-transferase, β-amylase and α-amylase can catalyze the chemical degradation of starch. Alpha-amylase, the most common amylolytic enzyme, catalyzes the hydrolysis of α-(1,4) glycosidic bonds in starch polymers in an endo-acting fashion [20]. Alpha-amylases (E.C.3.2.1.1) isolated from pancreas or salivary glands are widely used in starch digestion research studies, often in combination with fungal amyloglucosidase [11] to convert the amylolysis products into glucose. Various methods have been proposed to monitor and to interpret the enzymatic digestion of starch. For a long time, Englyst's method [14] has been adopted for assessing "in vitro" starch digestion. This method distinguishes three starch fractions-RDS (Rapid Digested Starch), SDS (Slow Digested Starch) and RS (Resistant Starch)-based on the amount digested within, respectively, 20 min, 120 min and remaining after 120 min. Besides this, fitting the time-course measurements of the starch enzymatic degradation with a kinetics model is another method that has become quite common, which presents clear interest in term of data analysis [18].

The factors determining the enzymatic susceptibility of native or processed starch (e.g., cooked) have been investigated extensively. While starch is generally processed in human food, native starch still raises much scientific interest as a natural substrate for most amylolytic enzymes. In addition, the combination of multiple processed methods with water, high temperature, milling, etc., associated with the starch structural parameters generate a very complex analysis with endless sources of variability [21].

Native starch is present in the form of granules made of concentric alternating amorphous and semi-crystalline growth rings of carbohydrate polymers. While, this general organization is common across the plant kingdom, the overall shape size and the polymers' organizations vary greatly with the botanical origin [22].

The starch granule can be described through four organizational levels: (i) the chemical structure of starch polysaccharide constituents (~1 nm), (ii) the crystalline and lamellar structure (~9 nm), (iii) the growth rings (120~500 nm) and (iv) the granular level (1~100 µm). The relations between starch structural features and the enzymatic hydrolysis are briefly described in this section, starting from the granular level to the chemical structure of the polymers. The aim was to provide a broad overview; the additional and thorough information can be found in several dedicated review papers [8][9][10].

Granule Morphology

The starch granule characteristics account for a significant part of the amylolysis susceptibility [5,23,24]. Starch granule diameter commonly ranges from 1 µm to 100 µm [23], while some could even be less than 1 µm across the plant kingdom [25]. The granule size distribution can be either unimodal, with a single predominant granule type, for example in maize, potato and pea, or bimodal, with two granule types or more, for example in barley, wheat and oat [5]. The starch granule average diameter is a few thousand times larger than an α-amylase with a 4 nm hydrodynamic radius and offers many surface binding sites to the α-amylase [26]. For many starches, however, the granule size is negatively related to the amylolysis susceptibility, indicating a limiting surface adsorption (or binding) for the amylase [13,24]. There are many exceptions to this relation, and in general the granule size alone is not sufficient to account for the differences of susceptibility to amylolysis across the botanic sources [24,[26][27][28]. Thus, the granule surface characteristics, such as smoothness or the ratio of ordered-disordered glucan chains, also impact the adsorption of amylase, especially in the early stages of hydrolysis [29][30][31].

Many cereal starches granules, such as maize and rice starch, exhibit surface pores of 0.1-0.3 µm in diameter and radially oriented interior channels of 0.07-0.1 µm in diameter, which extend the surface available for the adsorption of enzyme as these pores are believed to be initial openings and entry points for the enzymes [32,33]. Hence, starch granules with many pores, channels and cavities present a high internal surface that favors the binding of enzymes, thus reducing greatly the impact of the granule size [13].

The presence of pores and channels results in an 'endo-corrosion' (from inside out) digestion pattern, where α-amylase creates and enlarges pits from the core to the surface [16,33]. Granules without pores, as for potato or amylomaize starch, are digested from the surface by 'exo-corrosion' (from outside in) and at a much lower rate than by endo-corrosion. While the granule morphology controls the binding areas access, the local conformation and glucan chains packing inside the granule is assumed to determine the effectiveness of the α-amylase hydrolytic action [11].

Starch Polymers Arrangements Inside the Granule

Native starch granules are layered structures made of crystalline regions with orderly packing of amylopectin chains double-helices and amorphous regions made of amylose and amylopectin without detectable molecular ordering [11]. An x-ray diffraction method is used to identify the type of crystalline structure and, quite often, to quantify the crystalline/amorphous structure ratio in the starch sample. Crystalline regions are generally considered less digestible than amorphous layers. However, some contradictory evidence supports equivalent digestion rates for the semi-crystalline and the amorphous growth rings [16,34,35]. Zhang et al. [16] described a side-by-side digestion mechanism for endocorroded granules, suggesting that the local molecular density of the amorphous rings could be as rate-limiting as the semi-crystalline layers.

There are two basic polymorphic types of crystalline structures in native starch, the A-type encountered mainly in cereal starches and the B-type found in potato or high amylose maize variants. A-type crystallites are made of double-helices of amylopectin chains ordered in a monoclinic unit cell, while B-type crystallites are made of double-helices ordered in a hexagonal unit [5]. An additional C-type crystal that combines A-type and B-type can be found in the starch from many legumes. Many studies have reported the higher degradability of A-type starches compared to B-type starches even across botanical sources [28,[36][37][38]. B-type crystals are more prone to hydration than A-type, which would favour a higher hydrolysis rate. Indeed, while A-type starch crystal contains eight water molecules in each tightly packed helix, the B-type crystallites have 36 water molecules in each unit [5]. Thus, A-type crystallinity seems to affect more specifically the hydrolysis kinetic in the early stage, while B-type crystallinity is often remarkably related to the final extent of the hydrolysis [36,37,39].

In native starch, the distribution of amylopectin chains, represented by unit Chain Length Distribution (CLD) or the short:long amylopectin side-chains ratio, is generally well correlated with the starch hydrolysis [28,40,41]. The CLD is often determined by chromatographic separation (fluorescence-assisted capillary electrophoresis after enzymatic debranching by isoamylase), and the chains are generally classified as short chains below a degree of polymerization of 36 glucose residues and as long chains beyond that [22]. The CLD is often correlated with other structural functional factors of starch. In particular, the CLD profile is characteristic of the botanical origin, as A-type crystallites are made of shorter chains than B-type crystallites [34,41]. The latter correlation is believed to be key for explaining the higher susceptibility of A-type over B-Type crystals to amylolysis.

The ratio amylose/amylopectin is usually negatively correlated with the susceptibility to amylolysis, which is counter-intuitive as the α-1,6 linkages of the amylopectin should hamper the binding of α-amylase [42]. Lopez-Rubio, Flanagan, Gilbert and Gidley [43] showed that amylose chains can rearrange into enzyme-resistant structures of high crystallinity during amylolysis, and it is suggested that amylose contributes to the increased resistance of high-amylose maize starch in the granule structure, making it less prone to the α-amylase action [8]. The role of amylose in amylolysis remains nonetheless unclear in the literature, as an extreme value for amylose content is often correlated with other distinctive features such as B-type crystallinity, variation in amylopectin CLD and lack of pores at the granule surface described in high-amylose maize starch [28,37,39,43].

Starch Endogenous Proteins and Lipids

Besides amylose and amylopectin, purified starch contains additional minor components, mainly proteins and lipids associated with the starch granule located on the surface or imbedded within the native starch granules [44][45][46][47]. Baldwin [48] reports the presence of ~0.25% protein and up to 1.0% lipid for typical washed cereal starch and 0.05% protein and 0.05-0.1% lipid for root or tuber starch. Participating in the surface structure, lipids and proteins can affect the enzyme susceptibility as well as other functionalities of starch despite their relatively minor proportions [49]. Hence, surface proteins and lipids could reduce the enzyme binding by blocking the adsorption sites as the defatting and the removal of granule-associated proteins enhances digestibility [50,51]. Surface lipid and proteins that can accumulate randomly at the surface of the granule depending on the varieties can also represent an additional layer of resistance for enzymes to reach [52].

Starch lipids present a high diversity. They can be detected as Free Fatty acid (FFA), or lipids can form amylose-lipid complexes in native starch amorphous or crystalline arrangements, i.e., V-type crystallinity [53]. An amylose-lipid complex may limit the enzyme accessibility to the substrate by restricting the starch swelling power, which, in turn, would limit the water uptake and the amylose leaching out [54,55].

Amylolysis Conditions

While starch structure and composition are universally recognized for influencing amylolysis, the actual conditions defining the reactions can have a significant additional impact on the hydrolysis results.

Substrate concentration. According to Tawil et al. [35], both the reaction rate and the final hydrolysis extent are significantly reduced at high starch concentrations (from 50 mg/mL dry basis and onwards for maize starch). The negative impact of high starch concentrations on amylolysis are likely due to several factors, including restricted enzyme diffusion and consequently increased auto-formation of enzyme-resistant structure during hydrolysis, e.g., B-type or V-type crystallites [35,43].

Source and concentration of enzyme. Enzyme type, biological origin and concentration influence the kinetic and hydrolysis final extent as well as the degradation products. The α-amylases particularly have diverse modes of actions and product specificities depending on their origin [42,56]. For example, Porcine Pancreatic α-amylase (PPA) produces primarily malto-oligosaccharides-maltose, maltotriose and maltohexaose- [56] while Bacillus licheniformis α-amylase, extensively used in industrial processes, produces mainly maltopentose [57]. The difference between α-amylase modi operandi could be explained by variations in the substrate binding or catalytic sites, as well as in the thermolability or purification process [58]. For in vitro starch digestion assays, α-amylase is often combined with Amyloglucosidase (AMG) (or glucoamylase) [59] as a substitute for the exo-acting α-glucosidase involved in mammalian digestion. AMG's intended role is mainly to hydrolyze the soluble oligomers produced by the α-amylase action to release glucose or maltose units. These two types of enzymes can be combined and used in a one-stage assay, or consecutively, in a two-stage assay. When used in combination, they display synergistic activity on native starch as α-amylase hydrolyses the large molecules, thus providing substances to AMG, and AMG enhances the α-amylase action by hydrolyzing inhibitory oligosaccharides into glucose and by detangling double helical structures [59].

Other experimental conditions. As for any enzymatic reaction, the amylolysis must be conducted within a range of incubation temperatures and pHs that would ensure optimal enzymatic activity. The incubation temperature and duration need to accommodate with the nature of the substrate, as modification starch granule structure, especially starch annealing and starch gelatinization, may occur in the conditions of a hydrolysis assay [60]. Other oversighted factors such as the stirring conditions (speed and probably the stirring mode) could also be considered as parameters affecting the hydrolysis rate. Indeed, Roldan-Cruz, Garcia-Hernandez, Alvarez-Ramirez and Vernon-Carter [61] showed that the activity of PPA is enhanced at a low stirring speed (0-250 rpm) but decreases significantly when the stirring speed is elevated (250-1500 rpm). They suggested that intense stirring can alter the enzyme structure or could impair the enzyme-substrate binding.

Current Limitations and Challenges

Observational studies of starch degradation during hydrolysis have greatly contributed to our current understanding of the mechanisms. The development of new analytical techniques allows scientists to monitor continuously the dynamic changes of the starch granule during the course of amylolysis [44,62]. This research relies mainly on the deployed analytical techniques and involves generally only a few starches with very distinct features, e.g., high-amylose starch vs no-amylose starch. While crucial for describing the overall processes, focusing on extreme structural features has some limitations. Using a strong dominant mutation that severely impacts starch structure can overlook the range of fine structural alterations seen in more conventional starches, thus hindering our ability to understand the role of each feature both individually or in combination. Amylose content is an example of strong drive, as the zero-amylose mutation does not only suppress 25-30% of the total starch composition (by removing amylose) but also dramatically impacts the amylopectin chain length structure, crystallinity, overall granule structure and granule size distribution, as well as the endogenous lipid and protein contents. That "tree that hides the forest" is a perfect example on how a unique mutation would drive most of the changes observed and therefore would provide only limited information on the mechanistic underlying amylolysis of conventional starches. Most of the conventional starches displayed only a slight variation in chain lengths, lipid content or slightly smaller granule size due to small genetic iterations or environmental changes.

Deciphering the impact of each and every factor affecting the amylolysis profile is critical but challenging when those factors synergistically interact. Potato starch, a tuber starch, has rather long amylopectin side-chains, B-type crystallinity and large-size granules without visible surface pores while rice starch, a cereal starch, presents an almost opposite profile. All the potato starch features can account for the low susceptibility to amylolysis (not mentioning phosphate groups bound to amylopectin) and, vice-versa, for the high susceptibility of rice starch.

Hence, determining to which extent each of these factors individually or synergistically accounts for the overall susceptibility to the enzymatic degradation is challenging. Besides this, factors measured in the context of a research study captures only a fraction of the real starch structure. A significant fraction remains unknown (Kansou et al., 2015b). Hence, the starch structure-amylolysis conundrum is a multi-dimensional problem affected by uncertainty due to unknown parameters.

Purely observational investigations have limitations in addressing this type of problem, and other research orientations are proposed, such as the identification of dominant ratedetermining factors of the amylolysis [10,11,63].

The following section reports on the experimental designs and analysis employed by recent studies to address the starch structure-amylolysis conundrum. In the first stage of the selection procedure, a list of 2053 journal articles covering the last 30 years was obtained from the WoS using a general research equation about starch hydrolysis by α-amylase, explicitly excluding acid hydrolysis (Figure 1). Stage 2 aimed at narrowing down this list to articles that were part of the major citation network on the topic. To this end, we performed a citation network analysis using a dedicated tool (VOSviewer, [64]). Citation networks are made of nodes, which represent articles, edges or links, which represent inter-citations between the articles. From this information, VOSviewer computes a distance-based map where the distance between two articles reflects their similarity, i.e., the citations they have in common. From the list of 2053 articles, we produced a complete citation map of 6178 links and a distribution of the In the first stage of the selection procedure, a list of 2053 journal articles covering the last 30 years was obtained from the WoS using a general research equation about starch hydrolysis by α-amylase, explicitly excluding acid hydrolysis (Figure 1). Stage 2 aimed at narrowing down this list to articles that were part of the major citation network on the topic. To this end, we performed a citation network analysis using a dedicated tool (VOSviewer, [64]). Citation networks are made of nodes, which represent articles, edges or links, which represent inter-citations between the articles. From this information, VOSviewer computes a distance-based map where the distance between two articles reflects their similarity, i.e., the citations they have in common. From the list of 2053 articles, we produced a complete citation map of 6178 links and a distribution of the number of intercitations per article (Figures A1 andA2). The distribution follows a steep decreasing curve, and 509 articles have no links with the others, it is also visible that the network is a "dense" core group of articles. Given the distribution, we estimated that a set of 500 articles was large enough to capture a consistent group of interlinked articles on the topic, while having a fair representation of the ongoing research. Using VOSviewer again, we selected a set of 500 articles with the highest similarity level, starting from Goñi et al. [15], which is the article with the highest number of links as well as a reference on the topic. The resulting citation map is provided in Figure A3. It has 3195 links and only two articles without links, which indicates that we succeeded in sampling the "densest" part of the network. In the The experimental designs found within the panel include on average eight distinct samples (Figure 2), which allows the investigation of a limited number of factors. In practice, the number of samples is limited by the availability of starch materials with desirable characteristics and by the experimental resources required to characterize the samples or to run the hydrolysis assays. Hence, many publications included a selective number of diverse samples with marked characteristics and/or innovative structural or functional characterization techniques. An alternative approach was to analyse a higher number of samples using established analytical techniques and hydrolysis assays, as for Martens et al. [28,67]. These authors reported the results of a retrospective power analysis to confirm that the number of samples were sufficiently large to reveal the discrepancies between the degradation kinetics. 
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The number of studied factors described in the publication panel varies from one to nine, with an average of four (Figure 3). No trend could be identified in the number of factors investigated over the last five years.

The most frequent factors describe distinct organizational levels of native starch (from granular to molecular level) as well as few functional properties (Table 3). At the molecular level, amylopectin chain length distribution and amylose content were both measured in 32% of the panel. However, as mentioned in Section 2.1, the impact of amylose content on amylolysis is still unclear, and a few works of the panel observed an impact, e.g., Kuang, Xu, Wang, Zhou & Liu [68] and Lin et al. [12], while others did not, e.g., Martens et al. [28]. The amylose content is commonly estimated with the iodine binding colorimetric method [69], even though this method can overestimate the amount of amylose due to the formation of amylopectin-iodine complexes [70]. Therefore, alternatives, e.g., concanavalin A precipitation and the size-exclusion chromatography weight distributions, are increasingly applied for a more accurate estimation [12,28,[71][72][73]. Investigations of minor non-starch components are reported in 17% of the panel. This concerns especially the proteins either via the protein content estimation using nitrogen estimation by the Kjeldahl method, the Dumas method, a nitrogen analyzer [71,74,75] or by comparing the hydrolysis results before and after protein removal (e.g., [51]). At the crystalline and lamellar levels, the crystallinity (type and quantification) measured by X-ray diffraction appears to be the most studied feature (53% of the panel), certainly due to the fact that the starch crystallinity is often effectively correlated to physical, mechanical and technological properties and of course to amylolysis [43]. The lamellar structure, described through lamellar ordering and thickness using small-angle X-ray scattering, is also reported in 23% of the panel. At the granular level, 37% of the panel includes a granule morphology analysis by Scanning Electron Microscopy (SEM). SEM is used to determine the size and shape of the granules, as well as their surface properties, number of pores, size and dispersity and degradation signs [28,76,77]. The granule size distribution, usually determined by Laser Diffraction Sizing (LDS), is present in only 19% of the panel. 

Characterisation of Starch Structure

The number of studied factors described in the publication panel varies from one to nine, with an average of four (Figure 3). No trend could be identified in the number of factors investigated over the last five years. The most frequent factors describe distinct organizational levels of native starch (from granular to molecular level) as well as few functional properties (Table 3). At the molecular level, amylopectin chain length distribution and amylose content were both measured in 32% of the panel. However, as mentioned in Section 2.1, the impact of amylose content on amylolysis is still unclear, and a few works of the panel observed an impact, e.g., Kuang, Xu, Wang, Zhou & Liu [68] and Lin et al. [12], while others did not, e.g., Martens et al. [28]. The amylose content is commonly estimated with the iodine binding colorimetric method [69], even though this method can overestimate the amount of amylose due to the formation of amylopectin-iodine complexes [70]. Therefore, The functional properties reported in the panel publications are mainly related to starch gelatinization (28%) measured by Differential Scanning Calorimetry (DSC). DSC reflects on the swelling, the leaching of soluble polysaccharides, the disruption of the molecular order and the melting of crystallites [78], thus providing a compelling understanding of starch gelatinization properties. In comparison, results from the Rapid Visco Analyzer (RVA) (pasting properties in Table 3) are much less common (<9%), possibly because RVA requires a significant amount of biological material for a single analysis and it has a rather low throughput.

Each of the uncommon factors ("others" in the Table 3) had been measured in less than five studies in the panel. They can describe the starch intrinsic structure, e.g., molecular weight distribution and endogenous lipid content, or extrinsic factors, e.g., enzyme and substrate concentrations, temperature, incubation time, plant genetics and environment.

Characterisation of Hydrolysis Kinetics

In most publications, the extent of starch enzymatic hydrolysis is determined by an enzymatic assay quantifying the glucose release. The most frequent method, with 51% of the panel, is the glucose oxidase and peroxidase (GOPOD) assay [79] (Table 4). It has high specificity but lacks relative stability over time and has a relatively high cost per sample [80]. The measurement of reducing ends by dinitrosalicylic acid (DNS) [81] and by 4-hydroxybenzoic acid hydrazide (PAHBAH) colorimetric methods are alternative options to glucose assays that are simple to apply with relatively low cost. This family of dosage techniques is in general much more rapid and easier to handle than the dosage of total solubilized sugars by the orcinol-H 2 SO 4 method used in older works (e.g., in [37]). Nevertheless, with equimolar amounts of maltodextrins, the response of the reducing sugar by the DNS method increased with the increasing number of glucose units [82], which leads to an overestimation of the hydrolysis extent. For 91% of the panel, an enzymatic assay is used to obtain kinetic data of the starch degradation by an α-amylase (30%), sometimes in association with an amyloglucosidase (61%). Several methods were used to interpret the kinetic data. Twelve percent of the panel used a starch classification method, more precisely derived from Englyst's method, to identify starch fractions with decreasing digestibility based on their digestion time [14]. Figure 4a presents an example of the classification of digested starch from three distinct sources into different fractions of increasing digestibility level. This approach basically requires one measurement of the hydrolysis extent per fraction. Identification of Resistant Starch (RS) content via the AACC (American Association of Cereal Chemists)-approved Method, which separates the RS from the non-resistant starch and then hydrolyzes this fraction into glucose using AMG, was used by Uriarte-Aceves et al. [71], whereas the quantification via the AOAC (Association of Official Agricultural Chemists) Method [83] was not reported in the panel. Eighty-eight percent of the panel described the starch degradation over time using a kinetic model fitted to the data, which appears to be a common practice to quantitatively analyze the kinetics parameters [18]. A simple kinetic model can describe not only the degradability level at different times but also the shape of the curve describing the hydrolysis time course and the reaction rate coefficient. Figure 4b presents examples of time-course measurements of the hydrolysis extents fitted with a modified first-order kinetic model, i.e., the Weibull model, Equation (6). fraction of the starch digested before others and a parallel model that describes two or more fractions of starch digested simultaneously at different rates [85]. Edwards, Maillot, Parker and Warren [86] applied a sequential first-order kinetic model (Equation (3)), whereas Li et al. [85] and Bello-perez, Agama-Acevedo, Garcia-Valle and Alvarez-Ramirez [87] applied variants of parallel first-order kinetic models, respectively Equations ( 4) and ( 5): Compared to the sequential model, the parallel model avoids breakpoints at the times of intersection between two hydrolysis phases [85].

C t = C 1∞ 1 -e -k 1 t , i f t ≤ t int C int + C 2∞ 1 -e -k 2 (t-t int ) , i f t ≥ t int (3) 
C t = C 0 + C 1 1 -e -k
A Weibull model proposed by Kansou, Buléon, Gérard & Rolland-Sabaté [88] is another variant of the first-order kinetics model (Equation ( 6)). In the panel, it has been applied by Olawoye & Gbadamosi [89] to obtain an accurate fitting of biphasic hydrolyses. In this model the reaction rate-related parameter k is affected by a parameter h that reflects the time-dependency of the reaction rate coefficient:

C = C ∞ 1 -e -kt 1-h (6)

Statistical Analysis of Starch Structure-Amylolysis Relationships

The majority of the panel publications employed standard statistical analysis methods (Table 6). Up to 72% present the results generated using ANOVA, often followed by the result of a test distinguishing the different groups, e.g., the Tukey test, 19% computed linear correlations (Pearson) or the most robust rank correlation (Spearman) that assesses monotonic relations between two variables. Multivariate statistical analyses are reported in only 7% of the panel (Table 6). Principal component analysis (PCA) is the most common multivariate analysis, it is used to identify the multilinear relations between several factors via a new set of orthogonal variables, so-called principal components. PCA allows the relation of combinations of interacting factors such as granule diameter, pores, crystalline type and side-chain length of amylopectin with kinetic parameters of the amylolysis (e.g., [28,39]). The conditions of application of the usual linear models, including the linear regression models or the ANOVA, are often problematic in the context of starch structure-degradation studies because of the collinearity of the data [39]. Despite this limitation, the relatively 

Conclusions and Perspective

Despite many publications, the study of "structure-degradability" relationships remains challenging, as the starch hierarchical structure is complex and multidimensional and our understanding is incomplete. The interdependencies between the structural features of starch hinder the identification of their respective contribution to the enzymatic degradation. How is this challenge currently addressed by the scientific research?

To answer this question, our systematic review of a panel of 57 recent publications on this topic outlines the following aspects of the experimental research:

•

Predominant sources of starch are a few major starch-rich crops of the human diet: cereals (rice, maize, wheat) and tuber (potato). Focusing on selected crops limits the splitting of the research effort and favors the understanding by accumulating knowledge.

•

A typical starch-degradability study investigates the digestibility of eight different samples via four structural/functional factors characterizing the starch. The most frequent factors in the panel involve the crystallinity, the granule morphology via SEM, the amylose content, the chain length distribution and the gelatinization properties. The selected starch materials present marked distinctive characteristics, such as high amylose vs. wild-type vs. no-amylose starches, the presence or absence of granule pores and A-type vs. B-type crystalline polymorph starches. On the one hand, this generates contrasted digestibility profiles, while on the other hand, this tends to overlook the role of the accompanying structural alterations, which are possibly critical to discriminate amongst conventional starches.

•

The size of the average experimental dataset (i.e., starch materials × measured factors) might be insufficient to exploit recent data analysis techniques (e.g., machine learning techniques). This is a limitation to addressing complexity, as computational approaches are necessary to address multifactorial systems.

•

Quantitative approaches exist for analyzing most structural factors of starch. Even though quantification can be indirect and uncertain-the determination of crystalline proportion from X-ray diffractometers, the quantification of granule characteristics from SEM and the continuing development of quantitative approaches is an important lever to generalize the use of computational techniques.

•

Several assays and methods can be employed for the measurement and the analysis of starch hydrolysis, in relation to the research topics. While diversity in this matter is necessary-studying starch digestibility in human diet is different from investigating the action of a specific amylase-using the same method for a given topic can favour the comparison of inter-publications. This review presents the most frequent assays and methods used in recent works; this can guide the selection of methods in future studies.

Overall, this review shows that the dominant strategy for conducting starch digestibility analysis is to circumvent the complexity of the underlying mechanism by careful selection of contrasted substrates. The most promising works in that regard use mutants and transgenic lines from a generic line to obtain starch samples displaying variations for specific targeted parameters, thus limiting the variability for unknown parameters. A second strategy that is in the minority so far addresses the interrelated factors issue using multivariate analysis techniques. Both approaches have drawbacks: the former requires more efforts from the plant genetic domain to produce starch with interesting characteristics and depends on a forward genetic approach, while the latter demands larger datasets in terms of number of samples and number of measured factors.

The second strategy appears closer at hand for the research community, as the average size of the datasets will naturally increase with the development of high-throughput techniques and the growing quantification capability of the analytical results. This review has shown that key steps towards scaling up experimental designs are already available, in Abstract : A major challenge faced when studying the "structure-degradability" interaction of native starch is deciphering the interdependency between different structural levels. To tackle this challenge, 224 wheat starches were screened for structural features and degradation profiles by porcine pancreatic α-amylase. The degradation procedure was proved to be robust and sensible enough to screen a large collection of starches. A hierarchical clustering on principal components were used as multifactorial analysis to explore the data structure and highlighted the combined effects of granule size distribution and amylopectin fine structure on degradation kinetics. In order to get a better understanding of the "structure-degradability" relationship, evidenced during the screening approach of wheat starches, detailed structural properties and hydrolysis kinetics of purified starch granules of four wheat starch were analyzed. It was conformed that the hydrolysis rate was showed to be primarily affected by the granule size (surface area), while the final degradability depended mainly on the granule composition such as the amylopectin fine structure and amylose content.

A follow-up analysis on the kinetic model of starch (from different botanical origins or subjected to different treatments) was performed and revealed that hydrolysis performances initially depend on the surface property of starch granules, while later on, mainly depend on the inherent granular composition. These findings provide an innovative screening method and structural factors to be primarily considered for wheat starch selection in breeding programs.

'amidon 2 . 1

 21 pour l'étude des relations « structure-dégradabilité » de lCriblage de la dégradabilité des amidons Des amidons provenant d'une population MAGIC (CSIRO, Australie) ont été utilisés. Les quatre cultivars de blé élites australiens (Baxter, Chara, Westonia et Yitpi), sélectionnés pour créer cette population ont été choisis pour représenter la diversité génétique dans la communauté de sélection du blé australien. 224 amidons de blé provenant de 155 génotypes cultivés à Yanco, NSW, Australie en 2009 ont été extraits et utilisé dans cette étude. La teneur en amylose, la distribution de la longueur des chaînes d'amylopectine, la distribution de la taille des granules, les activités α-amylase ainsi que les viscosités RVA (Rapid Visco Analyzer) ont été déterminées sur ces échantillons. Les amidons de blé waxy (WWS) et riche en amylose (72,9 %) (HAWS) ont été utilisés comme amidons témoins dans cette étude.

Fig. 1

 1 Fig. 1 Courbes d'hydrolyse enzymatique des 224 amidons de blé de la population MAGIC avec trois répétitions à 37℃ pendant 1800 mins. Les témoins sont l'amidon de blé waxy (WWS) et l'amidon riche en amylose (HAWS).

Fig. 2 2 1 +

 221 Fig. 2 Exemples de dendrogramme résultant de la classification hiérarchique. Les étiquettes indiquent le niveau de partitionnement et l'indice des clusters de gauche à droite, c'est-à-dire que 2-1 et 2-2 indiquent le premier et le deuxième cluster de la partition à deux clusters.

Fig. 3

 3 Fig. 3 Hypothèse de la relation "structure -dégradation" selon les résultats du HCPC. L'effet de l'activité αamylase (ligne pointillée) sur kw et h est considérée comme mineure.

(

  cultivar E4156), un amidon de blé riche en amylopectine (WAXY) et un amidon de blé riche en amylose (HAMY) ont été sélectionnés et des fractions plus riches en granules de type A d'une part et de type B d'autre ont été isolées pour ces 4 sources par une méthode de sédimentation. La structure des granules et les cinétiques d'hydrolyse ont été analysées pour ces échantillons. Les fractions d'amidon sont nommées : A-N1, B-N1, A-N2, B-N2, A-WAXY, B-WAXY, A-HAMY et B-HAMY. La teneur en amylose mesurée via une méthode employant la DSC varie de 28,3 % à 34,2 %, respectivement pour les amidons de blé normaux N1 et N2. Pour l'amidon WAXY, le niveau était trop faible pour être détecté en DSC. L'amidon HAMY a la teneur en amylose la plus élevée, estimée à 56,3%. La fraction B-HAMY a une teneur en amylose significativement plus élevée, 59,1 %, que la fraction plus riche en type A. Autrement, aucune différence significative de teneur en amylose est observée entre les fractions riches en type A et riche en type pour un type d'amidon donné.
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 1154 12,3 %) (Tableau 4). Aucune différence de cristallinité n'a été constatée entre les fractions pour un amidon donné, sauf pour celles de l'amidon N1. La fraction A-N1 présente en effet une cristallinité plus élevée (25%) que la fraction B-N1 (19,3%). Tableau Caractérisation des amidons étudiés et de leurs fractions respectives. S/L: ratio of DP 6-24 / DP>24 AF: fraction d'amorphe La distance de répétition lamellaire de l'amidon a été mesurée par diffraction des rayons X aux petits angles (SAXS). Pour tous les amidons, la distance de répétition lamellaire est comprise entre 9,6 et 10,3 nm (Tableau 4). L'amidon WAXY présente une distance de répétition lamellaire relativement plus faible par rapport aux autres types d'amidon. Les distances de répétition lamellaire des fractions de N2, WAXY et HAMY sont proches. Seuls la fraction A-N1 présente une distance de répétition lamellaire plus élevée (10,3 nm) que B-N1 (9,8 nm). L'organisation sous forme hélicoïdale des chaînes d'amylopectine et d'amylose a été analysée par RMN du solide (CP-MAS). Parmi les amidons analysés, l'amidon WAXY présente la teneur en double hélice la plus élevée (53,4 -56,1 %), et l'amidon HAMY la plus faible (25,1 -33,1 %) (Tableau 4). Les amidons N1 et N2 ont un contenu en double hélice compris entre 36,9 et 44,1 %. En ce qui concerne les fractions, celles riches en granule de type A présentent systématiquement une teneur en double hélice plus élevée et une teneur en simple hélice et en amorphe plus faible ou similaire à celles riches en type-B, pour un amidon donné. L'amidon HAMY et WAXY présentent respectivement la proportion la plus élevée et la proportion la plus faible de signal associé à des simples hélices. On vérifie bien que la teneur en double hélices mesurée par RMN est supérieure à la cristallinité mesurée par RX, ce qui correspond aux doubles hélices qui ne sont pas sous forme cristalline. La distribution des longueurs de chaînes de l'amylopectine a été mesurée après digestion enzymatique par des enzymes débranchantes et séparation par électrophorèse capillaire (FACE). La distribution a été regroupée en cinq fractions : DP 6-12, DP 13-24, DP 25-36, DP 37-47 et DP > 47. Les chaînes de DP 6-24 sont dominantes tandis que les chaînes de DP > 37 ne représentent qu'une proportion mineure (Tableau 4). Le rapport entre les chaînes courtes (DP 6-24) et les chaînes longues (DP > 24) a été calculé et représenté par le rapport S/L. L'amidon HAMY présente le S/L le plus bas comparé aux autres types d'amidon, avec moins de chaînes de DP 6-24 et plus de chaînes avec DP > 24. En ce qui concerne les fractions d'amidon, celles riches en granule-B présentent un ratio S/L légèrement plus élevé que celles riches en granule A, sauf pour l'amidon HAMY qui présente une tendance inverse.

3. 2

 2 Cinétiques d'hydrolyseLes profils de dégradation par la PPA des amidons natifs et des fractions respectives sont rapportés Fig.4. Les amidons de N1 présentent la dégradabilité la plus élevée (83,0 -95,9%) après 1800 min, comparable à celle des amidons WAXY (80,8 -86,0%), tandis que les amidons HAMY montrent la plus faible dégradabilité (66,1 -70,1%) (Tableau 6). Pour toutes les sources d'amidon, la dégradabilité finale à 1800 min ne varie pas de manière significative entre les fractions. Le tableau 6 montre les paramètres cinétiques obtenus par ajustement par la fonction Weibull : coefficient de vitesse de réaction (kw, h) et taux final de l'hydrolyse (X∞). On note pour tous les amidons étudiés que les fractions purifiées de type-B présentent une vitesse d'hydrolyse significativement plus élevée que celles de type-A, alors que le taux final estimé est similaire entre les fractions.

Fig. 4

 4 Fig. 4 Profils de dégradation des granules non fractionnés et des granules correspondants de type A et B de l'amidon de blé par PPA.

  Afin d'étudier les relations entre les facteurs structuraux et les paramètres d'hydrolyse, les coefficients de corrélation linéaires ont été calculés ainsi que le niveau de significativité. Seules quelques corrélations significatives ont été identifiées pour les amidons natifs tandis que des corrélations plus fortes ont été révélées pour les fractions d'amidon. Une classification a été effectuée par la suite sur la matrice des corrélations des fractions d'amidons purifiés afin de regrouper les facteurs présentant des corrélations similaires avec les autres facteurs (Fig.5).Les corrélations positives ont été colorées en bleu et les négatives en rouge. Cinq groupes sont retenus en coupant le dendrogramme à un seuil qui visuellement est pertinent (la ligne pointillée), avec deux premiers groupes qui sont les plus intéressants. Le groupe 1 rassemble les facteurs associés à l'amylopectine, il inclue également le niveau final d'hydrolyse, X∞, tandis que le groupe 2 rassemble les facteurs associés à l'amylose.

Fig. 5 4 . 4 . 1 Fig. 6

 54416 Fig. 5 Heatmap représentant les corrélations entre les propriétés structurales et de dégradation des amidons fractionnés.

  cinétiques d'hydrolyse d'amidons de différentes sources botaniques, dont le riz, le pois ridé, la pomme de terre (normale et waxy), le maïs (waxy et riche en amylose), ont été mesurées. Les relations <kw, h> sont représentées Fig 7, celle-ci montre un alignement le long de l'axe xdes modèles de régression en fonction différentes sources botaniques. Pour chaque modèle, le point d'intersection avec l'axe x représente la constante ke (lorsque h = 0) qui est calculée avec Eq 2.L'amidon de blé waxy présente le ke le plus élevé tandis que l'amidon de pomme de terre présente le plus faible. Ces deux amidons sont bien connus pour avoir respectivement un taux d'hydrolyse élevé et faible. De la même manière l'amidon de riz, de blé, de pois ridé et de maïs waxy présentent un ke plus élevé que l'amidon de maïs riche en amylose, de pomme de terre (nomal et waxy), en accord avec les taux d'hydrolyse respectifs de ces amidons. L'amidon de blé riche en amylose (HAWS) possède un ke élevée, similaire à celle du maïs waxy, ce qui indique une grande facilité de dégradation, ce qui reflète bien les cinétiques mesurées (Tableau 1). ke étant indépendamment du temps, sa valeur ne semble pas affectée par une diffusion ou une adsorption plus ou moins rapide de l'enzyme dans le granule et donc des propriétés de surface. Ainsi, ke semble être un révélateur des caractéristiques inhérentes de l'amidon qui influencent la dégradabilité comme les structures en double hélices.

Fig. 7

 7 Fig. 7 Modèle de régression non linéaire de kw et h pour les amidons provenant de différentes sources botaniques.

Fig. 8

 8 Fig. 8 kw en fonction de h pour l'amidon de pomme de terre native PS (o) et divers amidons extrudés et les échantillons broyés correspondants. L'équation du modèle-hk pour l'amidon extrudé est affichée.

Fig. 9 .

 9 Toutes les courbes simulées semblent converger vers la ligne rouge horizontale qui correspond à ke = 0,0030 (lorsque h = 0). Il existe en réalité un point d'intersection unique pour toutes ces courbes simulées donné par 𝑡 = 𝑒 1/𝑎 . Des estimations plus précises du 𝑘 𝑎𝑝 ̂ sont nécessaires pour effectuer une meilleure évaluation du modèle.

Fig. 9

 9 Fig. 9 𝑘 𝑎𝑝 ̂ calculé à partir de l'Eq. 4 pour les amidons de pomme de terre extrudés Cette analyse permet de distinguer les évolutions de 𝑘 𝑎𝑝 ̂au cours du temps avec les amidons broyés qui montrent une diminution de 𝑘 𝑎𝑝 ̂ dû à h>0 et les amidons de type « bulk » qui présentent une augmentation de 𝑘 𝑎𝑝 ̂ avec h<0. Cela indiquerait une vitesse d'hydrolyse rapide au début puis plus lente pour l'amidon broyé et vice-versa pour l'hydrolyse des amidons de type « bulk ». Ces résultats suggèrent que pendant une première phase de l'hydrolyse,

  contribution of starch structure to degradation. This thesis project, entitled "Multifactorial analysis of the starch structure contribution on wheat starch hydrolysis by α-amylase", has been developed as a collaboration between INRAE in France and CSIRO in Australia. The work was carried out within the Materials, Creation and Behavior (MC2) team of the Biopolymers Interactions Assemblies (BIA) unit of INRAE in Nantes and the Protein Content & Quality team of the Agriculture and Food unit of Commonwealth Scientific and Industrial Research Organisation (CSIRO) in Canberra. It has been founded by research institutions INRAE, CSIRO and the region Pays de la Loire. The manuscript is organized into four chapters as described below: -Chapter I is the state-of-art of the fundamental knowledge on starch. The first part of this chapter introduces starch structure, biosynthesis and amylolysis. In the second part, how recent research (from 2016 to 2020) deals with the issue of the multiple correlated factors influencing amylolysis is analyzed and presented by a systematic review (this part has been published in « Foods »: doi:10.3390/foods11091223, Annex 2).

Fig. 1 .

 1 Fig. 1. The hierarchical structure of starch granule (Bertoft, 2017).

Fig. 2 .

 2 Fig. 2. Amylose structure (Bergthaller & Hollmann, 2014).

  Amylopectin is a highly-branched shorter α-(1,4) chains of glucosyl units with 5% α-(1,6)branches (Buléon et al., 1998) (Fig.3). It represents by far the major fraction of native starch that account for 75-90% of the relative dry weight of wild-type starches(Manners, 1989; Oates, 1997).

Fig. 3 .

 3 Fig. 3. Amylopectin structure (Bergthaller & Hollmann, 2014).

Fig. 4 .

 4 Fig. 4. Classification of amylopectin chains (Bijttebier et al., 2008).

Fig. 5 .

 5 Fig. 5. Organization of amylopectin chains represented by cluster model (a) and building block backbone model (b) (Bertoft, 2017). L-chains are indicated in red.

Fig. 6 .

 6 Fig. 6. Crystalline packing of double helices in A-(A) and B-type (B) polymorphic structures (Buléon et al., 1998). The crystalline structure can be assessed by Wide Angle X-ray Scattering. A-type crystallites are characterised by major diffraction peaks at 15°, 17°, 18° and 23°, while for B-type crystallites, diffraction peaks are mainly characterised by peaks at 5.6°, 17°, 22° and 24° (Wang, 2020), as shown in Fig. 7. An additional C-type crystal can be found in the starch from many legumes such as pea and bean starches. It refers to a mixture of A-and B-type crystallites within a single starch. For example, smooth pea starch has B-type crystallites in the center of the grain and A-type crystallites at the periphery (Bogracheva et al., 1998; Buléon et al., 1998). Besides, V-type crystalline is the complex formed between amylose and lipids, showing a single helical structure.

Fig. 7 .

 7 Fig. 7. XRD patterns of A-type, B-type and C-type crystalline structure of starch (Wang, 2020).

Fig. 8 .

 8 Fig. 8. Representation of starch lamellar structure (Wang, 2020).

Fig. 9 .

 9 Fig. 9. Scheme of starch blocklets (Tang et al., 2006).

CHAPTER I 50 Fig. 10 .

 5010 Fig. 10. Granule organization of pea starch with the SEM image of a pea starch granule after acid hydrolysis (a), the growth ring model (b) and the chain distribution model (c) (Wang & Copeland, 2013).

Fig. 11 .

 11 Fig. 11. Typical profile of granule size distribution of commercial wheat starch measured by Malvern Mastersizer X (Cornell, 2004).

Fig. 12 . 53 Section 2 :

 12532 Fig. 12. Pores detected along the equatorial groove of A-type granules of normal wheat starch by SEM (Kim & Huber, 2008).

Fig. 13 .

 13 Fig. 13. Overview of starch biosynthesis pathway in the endosperms of monocots such as cereals (Tetlow, 2011).

  starch with a lack of SS IIa activity shows increased amylose content, increased amylopectin side chains with DP 6-10 and decreased amylopectin side chains with DP 11-25 (Konik-Rose et al., 2007). The SS IV and V are involved in starch granule initiation (Huang et al., 2021).

Fig. 14 .

 14 Fig. 14. Functions of biosynthetic enzymes (Li et al., 2019).

2. 3

 3 Starch branching enzyme (SBE) SBE cleaves the internal α-(1-4) glycosidic linkage and creates a new α-(1-6) glycosidic linkage using the released chain (Wang et al., 2014

Fig. 15 .

 15 Fig. 15. Action patterns of α-amylase on starch (Bijttebier et al., 2008).

CHAPTER I 58 Fig. 16 .

 5816 Fig. 16. Representation of heterogeneous hydrolysis (Buléon & Colonna, 2007).

(

  Buléon et al., 1998; Jane et al., 1994; Tahir et al., 2010). The starch granule average diameter is a few thousand times larger than an α-amylase with a 4 nm hydrodynamic radius and offers many surface binding sites to the α-amylase(Planchot et al., 1995). For many starches, however, the granule size is negatively related to the amylolysis susceptibility indicating a limiting surface adsorption (or binding) for the amylase(Dhital et al., 2010; Tahir et al., 2010). There are many exceptions to this relation and in general the granule size alone is not sufficient to account for the differences of susceptibility to amylolysis across the botanic sources(Franco et al., 1992; Martens et al., 2018; Planchot et al., 1995; Tahir et al., 2010). Thus, the granule surface characteristics, such as smoothness or the ratio of ordered-disordered glucan chains, also impact the adsorption of amylase especially in the early stages of hydrolysis(Slaughter et al., 2001; Warren et al., 2011; Warren et al., 2013).

(

  Gérard et al., 2001; Tawil et al., 2011; Zhang et al., 2006).Zhang et al. (2006) described a side-by-side digestion mechanism for endo-corroded granules, suggesting that the local molecular density of the amorphous rings could be as rate-limiting as the semi-crystalline layers. Many studies have reported the higher degradability of A-type starches compared to B-type starches even across botanical sources(Gérard et al., 2001a; Kong et al., 2015; Martens et al., 2018; Zhang et al., 2006). B-type crystals are more prone to hydration than A-type that would favour a higher hydrolysis rate. Indeed, while A-type starch crystal contains eight water molecules in each tightly packed helices, the B-type crystallites have 36 water molecules in each unit(Buléon et al., 1998). Thus, A-type crystallinity seems to affect more specifically the hydrolysis kinetic in the early stage while B-type crystallinity is often remarkably related to the final extent of the hydrolysis(Gérard et al., 2001a; Kansou et al., 2015b; Zhang et al., 2006). In native starch, the distribution of amylopectin chains, represented by unit Chain Length Distribution (CLD) or short:long amylopectin side-chains ratio, is generally well correlated CHAPTER I 63 with the starch hydrolysis (Martens et al., 2018; Salman et al., 2009; Srichuwong et al., 2005).The CLD is often correlated with others structural functional factors of starch. In particular, the CLD profile is characteristic of the botanical origin as A-type crystallites are made of shorter chains than B-type crystallites(Gérard et al., 2000; Srichuwong et al., 2005). The latter correlation is believed to be key for explaining the higher susceptibility of A-type over B-Type crystal to amylolysis.The ratio amylose/amylopectin is usually negatively correlated with the susceptibility to amylolysis, which is counter-intuitive as the α-1,6 linkages of the amylopectin should hamper the binding of α-amylase(Bijttebier et al., 2008). Lopez-Rubio et al.,(2008) showed that amylose chains can rearrange into enzyme-resistant structures of high crystallinity during amylolysis, and it is suggested that amylose contributes to the increased resistance of highamylose maize starch in the granule structure, making it less prone to the α-amylase action(Dhital et al., 2015). The role of amylose in amylolysis remains nonetheless unclear in the literature as an extreme value for amylose content is often correlated with other distinctive features such as B-type crystallinity, variation in amylopectin CLD and lack of pores at the granule surface described in high-amylose maize starch(Gérard et al., 2001a; Kansou et al., 2015b; Lopez-Rubio et al., 2008; Martens et al., 2018).

4. 2 . 1

 21 Substrate concentrationAccording toTawil et al. (2011), both the reaction rate and the final hydrolysis extent are significantly reduced at high starch concentrations (from 50 mg/mL dry basis and onwards for maize starch). The negative impact of high starch concentrations on amylolysis were likely due to several factors including restricted enzyme diffusion and consequently increased autoformation of enzyme-resistant structure during hydrolysis e.g. B-type or V-type crystallites(Lopez-Rubio et al., 2008; Tawil et al., 2011).

Fig. 17

 17 Fig. 17, 57 articles published between 2016 and 2020 on this topic have been selected. The

  Fig. 17, 57 articles published between 2016 and 2020 on this topic have been selected. The results of the selection procedure as well as the information extracted for each article are supplied as Supplementary Materials of the article (doi: 10.3390/foods11091223).

67 Fig. 17 .

 6717 Fig. 17. Flow chart for selecting relevant papers. TI and TS stand respectively for title and topic.

  past publications. Starch obtained from genetic variants present structural alterations caused by either deletion of or modifications of the expression (silencing, downregulation, upregulation) in the enzymes of starch biosynthesis pathway. Those enzymes are generally acting on the elongation, the branching or the debranching of the starch polymers (Pfister & Zeeman, 2016).Genetic variants introduce targeted starch structural modifications and often generated near isogenic control lines allowing comparative studies focusing primarily on the altered features(Dhital et al., 2015; Gérard et al., 2001a).

Fig. 18 .

 18 Fig. 18. The sample size for selected papers.

Fig. 19 .

 19 Fig. 19. Number of factors studied by the selected papers.

For

  91% of the panel, an enzymatic assay is used to obtain kinetic data of the starch degradation by an α-amylase (30%) sometimes in association with an amyloglucosidase (61%). Several methods were used to interpret the kinetic data. Twelve percent of the panel used a starch classification method, more precisely the Englyst's method, to identify starch fractions with decreasing digestibility based on their digestion time(Englyst et al., 1992). Identification of Resistant Starch (RS) content via the AACC (American Association of Cereal Chemists) Method (2000), that separates the RS from the non-resistant starch and then hydrolysed his fraction into glucose using AMG had been used by Uriarte-Aceves et al. (2018), whereas the quantification via AOAC (Association of Official Agricultural Chemists) Method (McCleary & Monaghan, 2002) was not reported in the panel. Eighty-eight percent of the panel described the starch degradation over time using a kinetic model fitted to the data, which appears to be a common practice to analyse quantitatively the kinetics parameters (Nguyen & Sopade, 2018).

  ) & Eq.(2). Two main adaptations of the first-order kinetics model have been proposed to get a better fitting of kinetic data, a sequential model that describes a fraction of the starch digested before others and a parallel model that describes two or more fractions of starch digested simultaneously at different rates (Li et al., 2019). Edwards et al., (2018) applied a sequential first-order kinetic model (Eq. (3)), whereas Li et al. (2019) and Bello-perez et al., (2019) applied

(

  bioethanol production) (Ramaraj, Bhuyar, Intarod, Sameechaem, & Unpaprom, 2021; Nkhata, Ayua, Kamau, & Shingiro, 2018;Baranzelli et al., 2019). For example, speeding up starch degradation by -amylase reduced processing time and use of water creating a significant gain for productivity and environment(Emregul, Sungur, & Akbulut, 2006). While starch is usually processed and/or cooked in human consumption, understanding native starch degradation is also of high importance for enhancing quality of animal feed(Tester, Qi, & Karkalas, 2006). Diets containing resistant starch might prolong satiety, thus affect the behavior of growing pigs (Da Silva et al., 2014; de Haer & Merks, 1992). Besides, a reduction in protein utilization is affected by an asynchronous availability of glucose and amino acids in pigs and poultry (Van Den Borne, Schrama, Heetkamp, Verstegen, & Gerrits, 2007; Weurding, Enting, & Verstegen, 2003). Starch degradation is also a key component of human and animal digestion process where starch is broken down into smaller molecules to be converted into glucose in the small intestine. In vitro assays are commonly used to test starch digestibility, however there is no consensual protocol on that matter (Toutounji et al., 2019). Two typical methods for describing degradation profiles are generally used: (i) classification and quantification of rapidly digested starch (RDS, hydrolyzed within 20 min), slowly digested starch (SDS, hydrolyzed between 20 and 120 min) and resistant starch (RS, non-hydrolyzed after 120 min) described in Englyst, Kingman, & Cummings. (1992) and (ii) kinetic studies assessing the rate and extent of starch degradation (Nguyen & Sopade, 2018). The degradability of native starch to amylolysis depends on the type of enzyme used and the interrelated structural features including the macromolecular composition, granule morphology and non-starch components (Tester et al., 2006). Granule size, amylose to amylopectin ratio, crystal polymorph, granular pores and channels could all affect starch degradability to different extent (Lin et al., 2018; Dhital, Shrestha, & Gidley, 2010; Blazek & Gilbert, 2010). Despite the various dependencies between starch structure and amylolysis described in the literature, crop selection tends to associate starch digestibility with only amylose content (Chen et al., 2021).

Fig. 1 .

 1 Fig. 1. Experimental design of plate number one for starch hydrolysis. Each number represents a starch sample (left: test sample, right: corresponding blank). Each plate contains two control samples C+ in pink and C-in green, representing respectively the waxy and high amylose wheat starch

  6.3. Principal component analysis (PCA) was performed on the granule size distribution, amylopectin chain length distribution, amylose content and α-amylase activity to generate independent variables. The kinetic parameters and pasting properties were added as supplementary factors. A hierarchical clustering on principal components (HCPC) of the PCA was performed using the HCPC function of FactoMineR R package (Lê, Josse, & Husson, 2010). Hierarchical clustering belongs to the family of unsupervised learning methods that do not "learn" from existing outputs contrary to regression modelling for instance. Starting from a configuration with one individual per cluster, the hierarchical agglomerative clustering (HAC) algorithm proceeds by merging incrementally two similar clusters together at each step until one cluster is finally formed. The clustering is based on a measure of dissimilarity (i.e. a distance) between clusters following a linkage method or aggregation index. Various distances and aggregation index can be used, in this work we used respectively the Euclidean distance and the pair-group arithmetic average. The output of HAC is generally represented as a dendrogram where each branching corresponds to the merging of two clusters into one.

Fig. 2 .

 2 Fig. 2. Granule size distribution quantified by STD, size threshold discrimination and by GMD, Gaussian mixture distribution. A, B and C represent A-, B-and C-type granules.

  Pasting properties were represented by four basic parameters, namely peak, trough, final viscosities and pasting temperature. Pairwise Pearson correlation tests were applied to study the relationships among structural properties. As indicated by Fig. S1, amylopectin chains of DP 6-12 and DP 13-24 negatively correlated with chains of DP 25-36 and DP 37-47. A mild positive correlation between amylose content and final viscosity as well as a negative correlation between the amylose content and peak viscosity were also found.

Fig. 3 .

 3 Fig. 3. Amylopectin chain length distribution of MAGIC wheat starches (median values)

Fig. 4 .

 4 Fig. 4. Enzymatic hydrolysis curves of 224 wheat starch of the MAGIC population with three replicates at 37℃ during 1800 mins. Control samples are waxy (WWS) and high amylose wheat starch (HAWS).

Fig. 5 .

 5 Fig. 5. Residual plot of the degradability at different time points for all starch samples.

  MAGIC and HAWS both exhibit slightly positive h values, while WWS has a slightly negative h on average. Correlation matrix (Fig.S1) of each pair of the kinetic parameters shows a strong positive correlation between k and h (r = 0.902), higher than the correlations observed elsewhere(Kansou et al., 2015a; Olawoye & Gbadamosi, 2020). No correlations are observed between the kw and X∞ (0.226) or h and X∞ (0.157).

  6. The complete dendrogram has 223 branching, level one is the "stem" on top of the figure (all starch samples in one cluster), level 224 is the leaves at the bottom (224 clusters, one starch sample per cluster).

Fig. 6 .

 6 Fig. 6. Dendrogram resulting from hierarchical clustering on method STD, size threshold discrimination. Labels indicate the level of partitioning and index of clusters from left to right, i.e. 2-1 and 2-2 refers to the first and second cluster of the partition with two clusters.

Fig. 7 .

 7 Fig. 7. Examples of clusters with kw and/or h (a, b, c, e) or X∞ (d) values significantly different from the overall mean. * and ** indicate significance at the p < 0.05 and p < 0.01 levels, respectively. Clusters were indicated on the upper right with the number of individuals in brackets. A/B ratio, the ratio of A-type to B-type granules; AC, amylose content; AA, α-amylase activity; PT, pasting temperature; PV, peak viscosity; TV, trough viscosity; FV, final viscosity.

Fig. 8 .

 8 Fig. 8. Hypothesis of "structure -degradation" relationship according to the HCPC results. The α-amylase activity (dotted line) on kw and h is considered to be minor.

  suggested that the positive effect of the S/L ratio on the hydrolysis rate was related to the proportion of DP 6-12 and DP 25-47 chains. This result was in accordance with several works showing a positive correlation found between chains with DP 6-12 and RDS content or initial stages of enzymatic hydrolysis(Zhang, Ao, & Hamaker, 2008; Salman et al., 2009). Amylopectin chains with DP 6-12 are too short to form long double helices, thus limit the crystallites formation and result in less ordered structure. While chains with a higher proportion of DP 6-12 would have a destabilizing effect on the granule lamellar organization, less short chains and more long chains could contribute to a stronger crystalline structure (Tang, Ando, Watanabe, Takeda, & Mitsunaga, 2001), thus may limit the granular swelling as well as the hydrolysis efficiency(Salman et al., 2009). We found no links between the proportion of short chains with DP 13-24 and the kinetics parameters <kw, h>, which might be due to the minor variation of DP 13-24 chains.In the general case A-type granules possesses less short chains and more long chains than Btype granule for a given cultivar(Salman et al., 2009; Ao & Jane, 2007), hence there might be a negative relationship between A/B ratio and S/L ratio that could help explain the cooccurrence of high A/B ratio, low S/L ratio and low rate coefficients < kw, h> (Table

  found an opposite effect between DP 6-12 and DP 13-24 on hydrolysis extent at 24 h(Salman et al., 2009). It is possible that the difference in the source and number of biological materials used between the two studies may generated different outcome thus highlighting the complexity of such analysis when limited sample sets are used. Despite the possibility that unmeasured structural features (i.e. the protein and lipid contents of isolated starch granules, presence of pores and channels…) and additional factors (i.e. reduction of PPA activity and very slow hydrolysis of maltotriose and small oligosaccharides) could also contribute to the hydrolysis, our results suggested that both granule size distribution and amylopectin chain length distribution are important indicators for starch selection for hydrolysis profiles.

  Wheat starch is made of two types of starch granules, namely the A-and B-type. A-type are the large, lenticular granules with diameter ranging from 10 to 50 µm(Parker, 1985) while B-type are smaller granules (< 10µm) and display spherical shape. The two types of granules initiate at difference periods during endosperm development: A-type granule during the first four days after flowering (DAF) while B-type granule later at approximately ten DAF(Bechtel et al., 1990). For wheat starch, the proportion of A-to B-type granules (A/B) is an important indicator for determining the functional properties and the specific end-uses, not only due to their distinct size and shapes, but also their differences in granule composition. In this regard, we have previously shown, by screening the enzymatic degradability of starch in a wheat multiparent advanced generation inter-cross population (224 samples), that the granule size distribution in combination with the amylopectin chain length distribution were the main structural features affecting degradation kinetics(Wang et al., 2022). To better understand these results, it is of interest to study the characteristics of A-and B-type granules of wheat starch to better apprehend their structural differences and the effect of the A/B granule ratio on starch degradability, and there was evidence showing that the study on fractionated starch could reveal more insights regarding the "structure-degradation" relationship than that on native starch(Salman et al., 2009). Moreover, with the identification of BGC1 gene responsible for controlling the B-granule content(Howard et al., 2011), it would be possible to alter the A/B ratio thus the related physicochemical properties through gene targeting. Knowing the characterization of A-and B-granule as well as their relationship with functional properties would help achieve this goal.

  Helle et al. (2019). Starch samples (2 mg) were mixed with 250 µL water and heated at 100°C for at least 40 min. In order to debranch amylopectin, isoamylase (20U) and pullulanase (1U) were added and the solution was incubated at 42°C overnight. Enzymes were then precipitated by heating at 95°C, and the supernatant was recovered after centrifugation. The desalting of samples was performed using Alltech™ Carbograph (Grace, Columbia, MD, USA) solid-phase extraction (SPE) column and freeze-dried overnight. Sodium cyanoborohydride (2 µL, 1 M) and 8-aminopyrene-1,3,6trisulfonic acid trisodium salt (APTS) (2 µL 0.2 M) in 15% acetic acid (v/v) were added to the dry samples and the solution was incubated overnight at 42°C. The solution was firstly diluted with 46 µL water and then diluted in 1/50 before the injection into the CESI 8000 Plus ESI-MS System (Sciex, USA).
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 1 Fig. 1. SEM micrographs of native and fractionate granules of wheat starch.

  -type crystalline structure(Buléon et al,. 1998). The intensity of peak at 2θ ≈ 20° corresponds to amylose-lipid complexes(Gernat et al., 1993; Tawil et al., 2011). It was found that N1, N2 and WAXY starch showed minor peaks while HAMY starch showed more intense peak at 20°, indicating higher fraction of Vh-Type crystalline structure in HAMY starch. It is noteworthy that the N2 showed a small diffraction peak at around 5°, possibly indicating a mixture of major A-type and minor B-type crystalline structure, which would be consistent with previous observations(Gernat et al., 1993).

Fig. 2 .

 2 Fig. 2. X-ray diffraction patterns of native and fractionate granules of wheat starch.

Fig. 3 .

 3 Fig. 3. SAXS patterns of native and fractionate granules of wheat starch.

  C CP-MAS NMR. The spectra for the C1 carbon were represented in Fig S2. Fractions of the amorphous region, double helices and single helices correspond respectively to areas of 93-96 ppm, 98-100 ppm and 101-102 ppm (Gidley & Bociek, 1988). Among all analyzed starches, WAXY starch exhibited the highest double helical conformation (53.4 -56.1%), while HAMY starch exhibited the lowest (25.1 -33.1%) (Table

Fig. 4 .

 4 Fig. 4. An example of the distribution and modelling of T2 for HAMY starch. The peaks a, b and c correspond to T2a, T2b and T2c.

Fig. 5 .

 5 Fig. 5. DSC thermograms for native and fractionated starch granules.

Fig 6 .

 6 Fig 6. N1 starches showed the highest (83.0 -95.9%) degradability after 1800 min comparable to WAXY starches (80.8 -86.0%), while HAMY starches showed the lowest (66.1 -70.1%).

Fig. 6 .

 6 Fig. 6. Degradation profiles of native and fractionated granules of wheat starch.

  Fig. 7.
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 2 shown by HAMY starch could be attributed to the longer distance between helices in B-type crystalline and the very long chains of amylose disrupting the molecular order and allows chain mobility(Li et al., 2020).

Fig. S1 .Fig. S3 .

 S1S3 Fig. S1. Granule size distribution of native and fractionated N1, N2 (a), WAXY, HAMY (b) starch granules.

Fig. S5 .

 S5 Fig. S5. Correlation matrix of fractionated granules. Cross indicates correlations which are not significant at 0.05.

  branched shorter α-(1,4) chain of glucosyl units with 5% α-(1,6)-branches. Amylose is essentially linear, with less than 1% α-(1,6)-branched points. Native starch in plants appears in the form of granules with alternating amorphous and semi-crystalline growth rings where amylose and amylopectin are arranged in organizational levels ranging from the molecular (~1 nm) to the microscopic (<100 μm) scale(Bertoft, 2017). Various factors related to starch structural conformation or composition have been shown to affect the extent and the rate of amylolysis (Dhital et al., 2017; Zhang et al., 2015). Selecting and tailoring starch either through crop breeding, genetic engineering, mechanical, thermal or chemical modifications allow to modify starch digestibility for human nutrition and generally slow digestion rate and high level of "resistant" starch are targeted (Chen et al., 2021; Zia-ud-Din et al., 2017). In vitro digestion methods have been proposed to screen different types of starch with regard to their digestibility profile (Nguyen and Sopade, 2018). They generally stem from Englyst et al., (1992) that distinguishes three fractions based on the extent digested at given time-points, namely rapidly digestible, slowly digestible, resistant starch, or from Goni et al., (1997), i.e. a kinetic analysis that measures the hydrolytic products along time described by an exponential model for quantitative analysis. Nowadays, research works investigating amylolysis favor clearly kinetic analysis of amylolysis (Wang et al., 2022). Different quantitative descriptions of the amylolysis kinetics have been proposed in the literature. It is generally observed that the hydrolysis of starch by, the commonly used, αamylase and amyloglucosidase, follow a pseudo-first order kinetics (Goni et al., 1997; Al-Rabadi et al., 2009; Zhang et al., 2013). The kinetic equation is usually cast in its integrated form:

  especially for native starch(Butterworth et al., 2012; Edwards et al., 2014; Kansou et al., 2015).Hence, several adaptations of the exponential model have been proposed to describe accurately the kinetics, even though the basic form remains by far the most popular in the research work(Nguyen and Sopade, 2018; Wang et al., 2022). Thus, it has been suggested that amylolysis kinetics would sometimes better agree with consecutive reactions, each following pseudo-first order kinetics(Edwards et al., 2014).Usually a fast digestion process immediately followed by a slow digestion process. The modelling of concomitant fast and slow processes is also reported in publications (Bello-perez et al., 2019; Li et al., 2019). Kansou et al., (2015) proposed to use another empirical variant of the pseudo-first reaction order, in the form of a Weibull function, to describe the timedependency of the reaction rate coefficient observed for amylolysis. The principle was first introduced by Kopelman (1988) to describe the decreasing reaction rate coefficient with time observed for heterogeneous chemical reactions, following a power law. The causes of deviations from the first-order reaction kinetics are not clearly identified in the literature. It is generally suggested that starch contains distinct fractions with specific digestibility level, typically a Rapid Digestible Starch and Slow Digestible Starch fractions (Li et al., 2019). More recently the apparent distinction of two or more digestion process reaction is thought to mirror the variable availability of starch polymers in the granule or in food matrix (Zhang et al., 2015; Butterworth et al., 2021). However, Liu and Sopade (2011) observed a biphasic digestogram of starch within sweet potato with an apparent increasing reaction rate.

Fig. 1 .

 1 Fig. 1. Semi-log plot of the instantaneous rate coefficient kap vs time, for the hydrolysis of native wheat including wild type and high amylose (HAMY) starches. Dotted lines represent power functions fitted to selected time-series to illustrate the model used with the Weibull function.

Fig. 1

 1 Fig. 1 shows a clear dependency of kap with time of hydrolysis for certain time-series. As already observed in many occasions for in vitro digestion of granular and cooked starches, kap can decrease with time or remain almost constant (Butterworth, et al., 2012; Edwards et al., 2014; Kansou et al., 2015a). In addition, Fig. 1 also shows an example of kap increasing with time.

Fig. 2 .

 2 Fig.2. Fitted Weibull curves of three samples[START_REF] Parker | The relationship between A-type and B-type starch granules in the developing endosperm of wheat[END_REF] 17,[START_REF] Lopez-Rubio | A novel approach for calculating starch crystallinity and its correlation with double helix content: A combined XRD and NMR study[END_REF] from the MAGIC population. Fittings were done for each replicate. Lines represent the averaged fitting of three replicates for each sample.

Fig. 3 .

 3 Fig. 3. Relationship between h and kw represented by the nonlinear regression model for starch from the wheat MAGIC population.

Fig 4 .

 4 Fig 4. Nonlinear regression model of kw and h for starches from different botanical sources.

Fig. 5 .

 5 Fig. 5. Plot of fitted kw vs h for native potato starch and various extruded starches and corresponding ground samples. The equation of hk-model for extruded starch is displayed. PS, native potato starch; PSG0, extruded potato starch without glycerol; PSG20, extruded potato starch without glycerol; WXG0, extruded waxy potato starch; RECG0, recrystallized PSG0. The corresponding ground sample were represented by -G.

Fig. 1

 1 Fig. 1 but essentially reflects what hk-model implies with respect to the amylolysis. Specific

Fig. 6 .

 6 Fig. 6. Simulated instantaneous rate coefficient 𝑘 𝑎𝑝 ̂ vs time for extruded potato starches subjected to different treatments. The ke was represented in grey line.

Fig. 1 .

 1 Fig. 1. Hypothèse de la relation "structure -dégradation" selon les résultats du HCPC. L'effet de l'activité αamylase (ligne pointillée) sur kw et h est considérée comme mineure. (From chapter II)

  separating different starch fractions based on granule size. While the MAGIC starch study was characterized by the large number of samples with limited structural measurements, the study on four selected starches enabled a more complete characterization covering different structure levels including the molecular, helical, lamellar and granular levels. Up to 21 factors describing the structure, the gelatinization property and the degradability of native and fractionated starch were measured. Correlation matrix were produced between pairs of the measured factors which shown that fractionated starch resulting from sedimentation yielded better results than with the native starch. A heat map with clustering was produced for the fractionated starch alone, which gathered factors with similar correlation profiles, for a better visualization.

Fig. 2 .

 2 Fig. 2. Relationship between h and kw represented by the nonlinear regression model for starch from the wheat MAGIC population. (From chapter IV)

Fig. 1

 1 Fig. 1 Agitator + oven (left) and ThermoMixer (right)

Fig. 3

 3 Fig. 3 Comparison of hydrolysis of Waxy wheat starch by different purification methods for enzyme (16 U/mL).

Fig. 4

 4 Fig. 4 Hydrolysis of Wild Type (left) and Waxy (right) wheat starch by PPA and BLA.

Fig. 5

 5 Fig. 5 Hydrolysis curves of Wild Type (left) and Waxy (right) wheat starch produced by desalted PPA, desalted BLA and dialyzed PPA.

Fig. 6

 6 Fig. 6 Hydrolysis curves of Wild Type (left) and Waxy (right) wheat starch by 16 U/mL dialyzed and desalted PPA with ThermoMixer.

Fig. 7

 7 Fig. 7 Hydrolysis curves of Waxy wheat starch (Wx) and Waxy maize starch (WxM) by dialyzed PPA (16 U/ml) with ThermoMixer.

Fig. 9 Fig. 10

 910 Fig. 9 Hydrolysis curves of Wild Type (left) and Waxy (right) wheat starch with a speed of 700 rpm and 1500 rpm of the ThermoMixer (TM).
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 31 Scope and Search ProtocolStarch enzymatic degradation has been investigated for decades with continuing interest since 2016. Using a literature research engine (Web of Science, WoS) and the procedure described in Figure1, 57 articles published between 2016 and 2020 on this topic have been selected. The results of the selection procedure as well as the information extracted for each article are supplied as Supplementary Materials.
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 1 Scope and Search ProtocolStarch enzymatic degradation has been investigated for decades with continuing interest since 2016. Using a literature research engine (Web of Science, WoS) and the procedure described in Figure1, 57 articles published between 2016 and 2020 on this topic have been selected. The results of the selection procedure as well as the information extracted for each article are supplied as supplementary data.
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 1 Figure 1. Flow chart for selecting relevant papers. TI and TS stand respectively for title and topic.While we have generally respected the PRISMA guidelines, several items related to dataextraction, meta-analysis and to the involvement of potentially many reviewers are not applicable for this work.
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 1 Figure 1. Flow chart for selecting relevant papers. TI and TS stand respectively for title and topic.While we have generally respected the PRISMA guidelines, several items related to data-extraction, meta-analysis and to the involvement of potentially many reviewers are not applicable for this work.
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 2022 11, 1223 14 of 19 small size of the datasets envisioned in Sections 3.2 and 3.3 hinders the application of multifactorial analysis or clustering techniques alike.

Figure A1 .

 A1 Figure A1. Citation network visualization of 2053 articles obtained from the WoS with 6178 links.The ring around the network core represents 509 articles with no links to the other articles. The article with the highest number of links (161) isGoñi et al., (1997), labelled goni (1997). Size of node reflects the number of links.

Figure A2 . 20 Figure A2 .

 A220A2 Figure A2. Number of links, i.e., inter-citations, per article for the 2053 articles obtained from the WoS.

Figure A3 .

 A3 Figure A3. Citation network visualization of the 500 articles of the panel with 3195 links and 5 clusters. The article with the highest number of links (96) is Goñi et al., (1997). Size of nodes reflects the number of citations.

  

  

  

  

  

  

  

  

  

  I hope you see things that startle you. I hope you feel things you never felt before. I hope you meet people with a different point of view. I hope you live a life you're proud of. If you find that you're not, I hope you have the strength to start all

	1. Contexte et objectif
	over again."
	Yuzi WANG
	Nantes, 19/07/2022

Tableau 1

 1 Paramètres ajustés et performance d'ajustement des cinétiques d'hydrolyse par la fonction de

	Weibull.							
	Echantillon	kw	h	X∞	R 2	adj	a	RSE b
	MAGIC 0.003 ± 0.002 0.026 ± 0.09 73.90 ± 4.33 0.996 ± 0.004 1.29 ± 0.58
	WWS	0.003 ± 0.002 -0.181 ± 0.139 82.60 ± 3.58 0.992 ± 0.005 2.04 ± 0.76
	HAWS	0.011 ± 0.004 0.187 ± 0.068 57.00 ± 3.19 0.992 ± 0.005 1.36 ± 0.43
	a R 2 ajusté							

b Erreur standard résiduelle Les valeurs moyennes d'ajustement pour les amidons MAGIC, WWS et HAWS sont présentées dans le Tableau 1. Les amidons MAGIC et WWS présentent des valeurs de kw similaires, et inférieures à celles d'HAWS. Les amidons MAGIC et HAWS présentent des valeurs h légèrement positives, tandis que WWS présente un h légèrement négatif.

Tableau 3

 3 Distribution de la taille des granules d'amidon non fractionné et des granules de type A et B

	correspondants.						
		Amidon natif	A-type fraction	B-type fraction
	Echantillon	A (%)	B (%)	A (%)	B (%)	A (%)	B (%)
	N1	91.7	8.3	99.4	0.7	21.7	78.3
	N2	97.3	2.7	99.9	0.1	57.8	42.2
	WAXY	82.3	17.7	99.9	0.1	30.7	69.3
	HAMY	95.5	4.5	99.9	0.1	30.9	69.1

Le type cristallin et la proportion cristalline des différents amidons natifs et des fractions ont été déterminés par diffraction aux rayons X aux grands angles (WAXS). Une structure polymorphe de type A est observée pour les granules natifs et les fractions des amidons N1, N2 et WAXY. L'amidon HAMY présente une structure polymorphe de type B. La cristallinité des amidons de blé N1 et N2 varie entre 19,3 et 25,7 %, tandis que les amidons WAXY et HAMY présentent respectivement les cristallinités les plus élevées (29,2 -33,7 %) et les plus faibles

Tableau 6

 6 Dégradabilité à 1800 min et paramètres ajustés par la fonction Weibull.

	Echantillon Dégradabilité1800 min	kw	h	X∞
	N1	95.9 ± 1.4	0.002 ± 0.001 0.023 ± 0.084 94.2 ± 3.7
	A-N1	83.0 ± 1.0	0.001 ± 0.000 -0.129 ± 0.035 81.3 ± 0.9
	B-N1	84.2 ± 2.2	0.007 ± 0.000 0.164 ± 0.000 83.7 ± 0.0
	N2	71.3 ± 0.5	0.001 ± 0.001 -0.090 ± 0.065 70.3 ± 2.2
	A-N2			

  [START_REF] Zhang | Extrusion induced low-order starch matrices: Enzymic hydrolysis and structure[END_REF] amidons de blé natifs d'une population MAGIC ont été caractérisés par des mesures de structure et de dégradabilité enzymatique par l'α-amylase pancréatique de porc. La méthode de criblage mise au point au cours de ce travail s'est avérée suffisamment sensible et

robuste pour distinguer les amidons selon leurs les cinétiques de dégradation. . L'utilisation d'une méthode d'analyse multivariée (classification hiérarchique sur composantes principales ; HCPC) a permis d'identifier les effets combinés de la distribution de la taille des granules, de la distribution de la longueur des chaînes d'amylopectine, ainsi que les effets de la teneur en amylose et de l'activité α-amylase endogène sur la cinétique de dégradation de l'amidon. Alors que le criblage vise à traiter un nombre important d'amidons il rend difficile la réalisation d'une caractérisation multiéchelle systématique pour chaque amidon. Nous avons donc réalisé une caractérisation multiéchelle relativement détaillé de 4 amidons de blé, en séparant pour chaque amidon des fractions riches en granules de type-A et en granules de type-B. Ce travail a permis d'appréhender les interrelations entre les facteurs mesurés qui caractérisent l'amidon. Pour cette étude 21 facteurs décrivant l'amidon ont été mesurés et mis en relation via une classification appliquée à une matrice de corrélation. Deux groupes de facteurs respectivement associés à l'amylopectine et à la teneur en amylose ont été identifiés, ce qui confirme l'intérêt de cette approche. Par ailleurs la dégradabilité finale de l'amidon s'est avérée être positivement reliée aux caractéristiques structurales liées à l'amylopectine et négativement aux structures associées à l'amylose. En revanche la cinétique de dégradation semble dépendre principalement des propriétés de surface de l'amidon représentées par le ratio granules de type A et granules de type B des amidons de blé natifs. Enfin l'analyse des paramètres cinétiques associés au coefficient de vitesse de réaction, kw et h, a montré qu'ils étaient fortement et positivement corrélés suivant un modèle de régression simple. Cette relation est observée sur les amidons de blé MAGIC, des amidons provenant de diverses sources botaniques et également pour les amidons extrudés. L'application d'un cryobroyage aux matériaux extrudés a révélé que les paramètres cinétiques dépendaient principalement des propriétés de surface des granules d'amidon. Un paramètre supplémentaire appelé ke, qui correspond à une constante de réaction indépendante des propriétés de surface, est proposé pour caractériser la structure interne des amidons.

1.1.3 Intermediate material

  

	Other than amylose and amylopectin, an intermediate material also exists (Colonna & Mercier,
	1984; Takeda et al., 1990). This polymer shows physicochemical properties that is intermediate
	between those of amylose and amylopectin. It possesses longer branch chains but smaller
	molecular weights than amylopectin (Lin et al., 2016). In normal starches, the content of
	intermediate material ranges between 5-7%, while in high amylose starches, its content can
	reach higher level such as 10% for high amylose maize starch and 19% for wrinkled pea starch
	(Colonna & Mercier, 1984).
	1.1

.4 Minor components 1.1.4.1 Proteins and lipids

  

	Besides amylose and amylopectin, purified starch contains additional minor components,
	mainly proteins and lipids located on the surface or imbedded within the native starch granules
	(Baldwin, 2001; Han & Hamaker, 2002; Han et al., 2009). The protein and lipid content are
	generally higher in cereal starches. Baldwin (2001) reports a content of ~0.25% for protein and
	up to 1.0% for lipid in typical washed cereal starch and lower contents for root or tuber starch:
	0.05% for protein and 0.05-0.1% for lipid. Starch lipids can be present in the form of free fatty
	acid (FFA) and lysophospholipids (LPL). Table 2 gives the content of FFA and LPL in various
	types of cereal starch. Amylose and lipids can form complexes during starch gelatinization or
	in native starch form amorphous or crystalline arrangements, i.e. V-type crystallinity (Morrison
	et al., 1993). There is evidence of amylose-lipid complexes in native cereal starches such as
	wheat, barley, maize, oat and rice (Pérez et al., 2009).

Table 2

 2 Contents of free fatty acids and lysophospholipids in purified cereal starches(Buléon et al., 

	1998).		
		Free fatty acid	Lysophospholipid
	Source		
		Content (g/100g native starch)
	Barley		
	Waxy	0.03-0.04	0.12-0.75
	Normal	0.03-0.05	0.47-1.14
	High amylose	0.05-0.09	0.86-1.36
	Maize		

Table 3

 3 Granule diameters of cereal starch(Pérez & Bertoft, 2010; Vasanthan & Hoover, 2009).

	Plant source	Diameter (μm)
	Small wheat granules	2 -3
	Large wheat granules	22 -36
	Small barley starch	< 6
	Large barley starch	10 -30
	Maize starch	5 -20
	Rice starch	3 -8

  In wheat starch, SS IIa gene encodes the starch granule bound protein -1 (SGP-1). Wheat

	). Granule-bound starch
	synthases I (GBSS I) encoded by the waxy locus is primarily responsible for the elongation of
	amylose but is also responsible for the extension of long chains of amylopectin (Guan &
	Keeling, 1998). Waxy starch which contains almost no amylose, can be obtained by mutations
	in waxy locus. SS I, II, III and IV isoforms are exclusively responsible for the biosynthesis of
	amylopectin. SS I is responsible for the synthesis of short glucan chains with a DP ≤ 10
	(Commun & Keeling, 2001), whereas SS II and III are responsible for chain extensions (Tetlow,
	2011).

  The multiple attack hypothesis is widely accepted and has been proved for porcine pancreatic α-amylase(Robyt and French, 1970; Kondo et al., 1990; Mazur et al., 1993; Gilles et al., 1996; Kandra et al., 1997).

	CHAPTER I
	2008).
	al.,
	57

Table 4

 4 Selected articles from 2016 to 2020 sorted by topic.

	Topics	Nb. of publications	Id of the publications*
			huang2016, lin2016a, lin2018, martens2018,
			nhan2017, li2020a, qiao2019a, qiao2019b, qiao2020,
			li2018, xu2017, chen2016b, edwards2018, guo2018b,
	Influencing factors		kuang2016, teng2016, yao2019, uriarte-aceves2018,
	and mechanisms of starch amylolysis	40	teng2019, liu2019, lan2016b, li2020c, villas-boas2019, guo2017a, guo2018a, yu2018b, chen2016a,
			guo2016, qiao2017, guo2017b, li2020d, hu2018,
			ma2020a, ma2020b, yu2018a, takagi2018, vernon-
			carter2019, liu2018, martens2019, hargono2018
	Effect of		
	modification		shariffa2017, akanbi2019, anderson2016, qiao2016,
	treatment on starch structure and	11	kim2017, wang2017a, wang2019, benavent-gil2017, shah2018, shi2018, yang2019
	amylolysis		
	Optimization of		
	starch amylolysis	3	slavic2016, das2019, peng2018b
	Analysis of starch amylolysis	3	bello-perez2018, li2019a, olawoye2020

*Supp. data table provides information for the publication with the corresponding id

Table 6

 6 Factors investigated by the selected papers.

	Structure level	Investigated factors	Count
		chain length distribution	18
		amylose content	18
	Molecular level	protein content	8
		molecular size distribution	7
		molecular order	7
	Crystalline and lamellar	crystallinity	30
	level	lamellar structure	13
	Granular level	granule morphology granule size distribution	21 11
	Functional properties	gelatinization properties (DSC)	16
		pasting properties (RVA)	5
	Other	others	38

  -𝑘 𝑆𝐷𝑆 𝑡 (5) where 𝑡 𝑖𝑛𝑡 is the time of intersection of two consecutive reactions; 𝐶 𝑖𝑛𝑡 is the concentration of product at 𝑡 𝑖𝑛𝑡 ; 𝑘 1 and 𝑘 2 are the corresponding rate constants for each type of starch; 𝐶 0 is the starting concentration of digestible starch; 𝐶 1 and 𝐶 2 are concentrations of two digestible starch types with distinct susceptibilities to amylolysis. Yt is the normalized starch concentration and 𝑌 𝑅𝑆 , 𝑌 𝑅𝐷𝑆 and 𝑌 𝑆𝐷𝑆 are the concentrations of RS, RDS and SDS; 𝑘 𝑅𝐷𝑆 and 𝑘 𝑆𝐷𝑆 are the rate constants of RDS and SDS. Compared to the sequential model, the parallel model avoids breakpoints at the times of intersection between two hydrolysis phases (Li et al., 2019).

A Weibull model proposed by Kansou et al., (2015a) is another variant of the first-order kinetics model (Eq.(

Table 9

 9 

	test distinguishing the different groups, e.g. the Tukey test, 19% computed linear correlations
	(Pearson) or the most robust rank correlation (Spearman) that assesses monotonic relations
	between two variables. Multivariate statistical analyses are reported in only 7% of the panel
	(

). Principal component analysis (PCA) is the most common multivariate analysis, it is used to identify the multilinear relations between several factors via a new set of orthogonal variables, so-called principal components. PCA allows to relate combinations of interacting factors such as granule diameter, pores, crystalline type and side-chain length of amylopectin with kinetic parameters of the amylolysis (e.g.

Kansou et al., 2015b; Martens et al., 2018)

.

The conditions of application of the usual linear models, including the linear regression models or the ANOVA, are often problematic in the context of starch structure-degradation studies because of the collinearity of the data

(Kansou et al., 2015b)

. Despite this limitation, the relatively small size of the datasets envisioned in sections 3.2 and 3.3 hinders the application of multifactorial analysis or clustering techniques alike.

Table 9

 9 Statistical analysis for selected papers.

	Statistical analysis	Count
	ANOVA (with follow-up tests)	41 (26)
	correlation analysis	11
	multivariate analysis	5
	t-test	3
	two-tailed test	2
	statistical power analysis	1

Table 1

 1 Structural characteristics for 224 starch samples from the wheat MAGIC population.Granule size distribution of MAGIC wheat starch were assessed by two methods, STD (10 µm threshold for quantifying the A-(> 10 µm) and B-type (< 10 µm) granules) and GMD (gaussian mixture distribution). A bimodal with STD and trimodal with GMD size distribution have been found (Fig.2). Using method STD, the A-type granules represent from 13.0% to 92.9% of the starch volume while the B-type granules represent from 7.1% to 87.0% (Table1), indicating a wide range of granule size distribution. Quantifying the distribution with method GMD yields lower minimum values for both A and B granules due in part to the identification of a third class, very small C-type granules, which could count up to 7.6% in granule volume. The two methods give similar median values, similar upper limits for A-and B-type granules, and quite similar results, overall.

	Starch structural features		Min-Max	Median
			A-type granules	13.0 -92.9	82.4
		Method STD		
			B-type granules	7.1 -87.0	17.4
	Granule size distribution (%vol)		A-type granules	5.9 -92.9	81.8
		Method GMD	B-type granules	3.9 -86.5	16.5
			C-type granules	0.04 -7.6	2.2
		Average chain length (DP)	16.3 -19.2	17.9
	Amylopectin	DP 6-12 (%)	29.3 -35.3	31.4
	chain length	DP 13-24 (%)	48.1 -52.8	50.3
	distribution	DP 25-36 (%)	10.6 -14.9	13.5
		DP 37-47 (%)	1.9 -6.6	4.8
	Amylose content (%)		23.8 -33.5	28.4
	Amylase activity (CU/g flour)		3.5 -12.8	6.4
		Peak viscosity	157.1 -297.0	211.8
		Trough viscosity	116.0 -154.9	133.0
	Pasting properties			
		Final viscosity	235.8 -333.7	278.0
		Pasting temperature (°C)	49.9 -60.0	50

Alpha-amylase activity is expressed in ceralpha units (CU) of per gram flour.

Table 2

 2 Fitted parameters and curve fitting performance of the Weibull function.

		Sample type	kw	h	X∞	R 2	adj	RSE
		MAGIC starch	0.003 ± 0.002 0.026 ± 0.09 73.90 ± 4.33 0.996 ± 0.004 1.29 ± 0.58
		WWS	0.003 ± 0.002 -0.181 ± 0.139 82.60 ± 3.58 0.992 ± 0.005 2.04 ± 0.76
		HAWS	0.011 ± 0.004 0.187 ± 0.068 57.00 ± 3.19 0.992 ± 0.005 1.36 ± 0.43
	R 2	adj and RSE correspond to adjusted-R 2 and residual standard error, respectively.		

Table 3

 3 Co-occurrence found by HCPC on method STD and GMD.

	Method	A/B ratio	S/L ratio	Amylose content	α-Amylase activity	Peak viscosity	Trough viscosity	Final viscosity	kw h X∞	Count of co-occurrence	Average number of individuals
		+	-						-	-	18	22 ± 11
		+	-		-				-	-	6	13 ± 2
	STD										
				-				-	+		8	15 ± 1
		+	+							-	5	17 ± 1
		+	-						-	-	24	11 ± 1
	GMD			-			-	-	+ +	5	10
		-	+							+	9	23 ± 1

+ and -represent respectively parameter value significantly higher or lower than the overall mean value of 224 starch samples according to the value-test. The average number of individuals are represented in Mean ± Standard deviation.

  physicochemical properties for various applications of wheat starch.Salman et al. (2009) found that B-type exhibited higher hydrolysis rate while A-type granules eventually reached higher degradability. However, a recent study showed on the contrary that A-type had both slower rate and lower final degradability than B-type granules(Colussi et al., 

	2021). It has been shown that studying starch degradation on fractionated wheat starches
	provide better insights regarding the starch "structure-degradation" relationship, which is
	critical for breeding and genetic engineering to obtain suitable starch for desired end-uses (Chen
	et al., 2021).
	Kim & Huber, 2010; Zhang et al., 2021;
	Zhang et al., 2013). At molecular level, B-type granules were found to possess more chains
	with DP 6-12 and less chains with DP >12 (Kim & Huber, 2010; Salman et al., 2009). In
	addition, it has been shown through small-angle X-ray scattering (SAXS) that A-type granules
	can exhibit longer lamellar repeat distance, and B-type a higher degree of ordering in the
	lamellar regions (Zhang et al., 2013; Salman et al., 2009). Besides, differences in swelling,

gelatinization and pasting properties between A-and B-type granules of wheat starch have also been described (Kim & Huber, 2010; Zhang et al., 2016; Ao & Jane, 2007; Peng et al., 1999). However, only few studies investigated their respective degradation by amylase, which is one of the important

Table 1

 1 Amylose content of native and fractionated starch granules.

	Sample Native starch (%) A-type starch (%) B-type starch (%)
	N1	33.6	34.2	28.3
	N2	33.9	33.1	33.8
	WAXY	0	0	0
	HAMY	56.3	53.6	59.0

Table 4

 4 DSC transition parameters of native and fractionate granules of wheat starch.

				1 st peak					2 nd peak		
	Sample	To1	Tp1	Tc1	a R1	∆H1	To2	Tp2	Tc2	b R2	∆H2
		(°C)	(°C)	(°C)	(°C)	(J/g)	(°C)	(°C)	(°C)	(°C)	(J/g)
	N1	51.7	58.9	74.1	22.4	10.9	88.9	97.2	110.2	21.4	1.2
	A-N1	51.8	57.8	73.0	21.2	11.6	90.4	97.3	105.1	14.8	1.0
	B-N1	50.4	57.7	71.6	21.2	8.6	88.5	97.1	109.5	21.0	1.9
	N2	51.1	58.4	73.4	22.2	11.4	90.3	96.9	106.5	16.2	0.9
	A-N2	49.3	56.5	71.3	22.0	9.8	90.1	96.9	103.7	13.7	0.8
	B-N2	50.6	57.7	70.2	19.6	9.6	86.5	95.8	105.1	18.7	1.4
	WAXY	52.2	61.2	78.4	26.2	11.8	0	0	0	0	0
	A-WAXY	54.2	60.6	77.4	23.2	12.5	0	0	0	0	0
	B-WAXY	48.4	58.1	78.1	29.6	13.0	0	0	0	0	0
	HAMY	52.7	61.6	81.6	28.9	4.3	92.0	97.7	105.4	13.5	1.4
	A-HAMY	53.8	63.9	80.5	26.7	5.0	92.2	97.8	105.8	13.5	1.1
	B-HAMY	53.2	62.1	83.6	30.4	4.2	90.9	97.8	103.6	12.7	1.9

a R1, temperature range of starch gelatinization b R2, temperature range of amylose-lipid complex dissociation

Table 5

 5 Fitted parameters of Weibull function for native and fractionated wheat starch degradation.

	Sample	kw	h	X∞
	N1	0.002 ± 0.001 0.023 ± 0.084 94.2 ± 3.7
	A-N1	0.001 ± 0.000 -0.129 ± 0.035 81.3 ± 0.9
	B-N1	0.007 ± 0.000 0.164 ± 0.000 83.7 ± 0.0
	N2	0.001 ± 0.001 -0.090 ± 0.065 70.3 ± 2.2
	A-N2	0.001 ± 0.000 -0.123 ± 0.015 81.4 ± 1.2
	B-N2	0.007 ± 0.003 0.134 ± 0.065 75.3 ± 2.4
	WAXY 0.003 ± 0.002 -0.139 ± 0.217 82.3 ± 7.0
	A-WAXY 0.001 ± 0.000 -0.374 ± 0.021 79.3 ± 0.3
	B-WAXY 0.009 ± 0.004 0.075 ± 0.075 82.1 ± 3.8
	HAMY	0.007 ± 0.002 0.119 ± 0.037 65.2 ± 1.6
	A-HAMY 0.004 ± 0.001 0.008 ± 0.031 68.4 ± 2.0
	B-HAMY 0.006 ± 0.003 0.102 ± 0.063 67.7 ± 0.9

* All data are represented in Mean ± Standard deviation.

  All the discrepancies in the amylose content and crystallinity could be considered as a result of genetic and environmental (i.e. temperature, humidity, soil) effects. Besides, it should be noted that the A-and B-type granules of N1 starch

	Salman et al. (2009), who also found
	no clear differences of amylose contents between the two type of granules, contrary to several
	other studies (Peng et al., 1999; Zhang et al., 2021; Ao & Jane, 2007; Kim & Huber, 2010;
	Bertolini et al., 2003) who found higher amylose content in A-type compared with the B-type

granules. Likewise, A-N1 showed higher crystallinity, double helical conformations and less amorphous fraction than B-N1. Again, this confirms previous work of

Kim & Huber. (2010) 

not others

(Zhang et al., 2016; Ao & Jane, 2007)

.

  Studying fractionated A-and B-type granules revealed more inter-correlations between starch structure and enzymatic degradation compared with the study on native starch. At granule level, A/B ratio was not found to be correlated with any other structural features, indicating that it reflects mainly surface properties such as specific surface area, rather than different conformation or composition of starch polymers. The hydrolysis rate coefficients (kw, h) was found to be essentially affected by the A/B ratio and then to the granule surface area, which is consistent with the previous studies showing the impact of the specific surface on the initial

hydrolysis rate (Al-Rabadi et al.. 2009; Dhital et al.. 2010; Tahir et al., 2010; Warren et al.,

Table 1

 1 Starch formulation and extrusion conditions fromNessi et al. (2018) 

	Label	Starch sample	Sample features	Die temperature (°C)	SME* [J/g]	Crystallinity Type %
	PSG0	Extruded normal potato starch	0% glycerol	120	341		0
	RECG0	Extruded normal potato starch	0% glycerol recrystallised	120	341	B	10
	PSG20	Extruded normal potato starch	20% glycerol	115	122	B	10
		Extruded					
	WXG0	amylose free	0% glycerol	105	199		-
		potato starch					

* SME: Specific Mechanical Energy

  al., 2012; Edwards et al., 2014; Kansou et al., 2015a). For this reason, several variations of the model Eq. 4 have been proposed to handle the relation of kap with time (Nguyen and Sopade, 2018).

Table 2

 2 Averaged fitting parameters of the Weibull function for various types of starch samples.

	Sample	kw	h	X∞	a Radj 2
	Wheat	0.003 ± 0.002	0.026 ± 0.09	73.90 ± 4.33	0.996 ± 0.004
	Waxy wheat	0.003 ± 0.002	-0.181 ± 0.139	82.60 ± 3.58	0.992 ± 0.005
	HAMY wheat	0.011 ± 0.004	0.187 ± 0.068	57.00 ± 3.19	0.992 ± 0.005
	HAMY maize (50%)	0.003 ± 0.001	0.144 ± 0.064	29.77 ± 0.39	0.966 ± 0.024
	HAMY maize (70%)	0.002 ± 0.001	0.005 ± 0.234	21.75 ± 6.66	0.983 ± 0.007
	Waxy maize	0.003 ± 0.002	-0.037 ± 0.134	44.64 ± 1.52	0.983 ± 0.019
	Rice	0.036 ± 0.031	0.248 ± 0.261	36.55 ± 2.61	0.982 ± 0.014
	Wrinkled pea	0.047 ± 0.057	0.225 ± 0.244	39.19 ± 0.68	0.980 ± 0.008
	Potato	0.001 ± 0.000	-0.079 ± 0.048	16.55 ± 0.77	0.998 ± 0.000
	Waxy potato	0.003 ± 0.002	0.123 ± 0.120	8.75 ± 2.16	0.959 ± 0.004
	b Extruded potato	0.021 ± 0.027	0.039 ± 0.274	56.61 ± 10.35	0.969 ± 0.030

The average values are represented in Mean ± Standard deviation. a Adjusted-R 2 b

Table 3

 3 Rate coefficient constant (ke) for starches from different botanical sources.

	Sample	ke
	HAMY maize (70%)	0.0010
	Potato	0.0011
	Waxy potato	0.0012
	HAMY maize (50%)	0.0015
	Wheat	0.0027
	HAMY wheat	0.0033
	Waxy maize	0.0035
	Rice	0.0040
	Wrinkled pea	0.0058
	Waxy wheat	0.0061

Table 1

 1 Comparison of the purification methods for PPA.

		Preparation	Loss of	Volume	Specific
		time (h)	protein (%)	(mL)	activity (U/mg)
	Dialysis	24	57	20	84
	Desalting	2-3	57	2-3	90
	Ultrafiltration	2-3	68	15	67
	Comparing the activity of desalted BLA and PPA		
	After passing through the desalting columns, protein concentration and enzymatic activity were
	measured. The results shown in Table 2 indicated that the activity of BLA was 14 times greater
	than PPA, which would allow us to simplify the enzyme preparation by reducing the number
	of columns used.				

Table 2

 2 Protein concentrations and measured activities of PPA and BLA.

		Concentration (mg/mL) Activity (U/mL)
	PPA	0.9691	87
	BLA	16.72	1248

Table 3

 3 Comparison of PPA and BLA in reacting with DNS.

	Reaction	Absorbance at 540 nm
	DNS + Buffer (control)	0.11
	DNS + PPA	0.111
	DNS + BLA	0.575

Table 2 .

 2 Type of sample used in the panel of papers.

	Starch Botanical Origin	Total	Count Incl. Genetic Variants Analysis
	maize	20	0
	rice	14	5
	potato	12	0
	wheat	8	2
	bean	5	0
	cassava	5	0
	pea	4	1
	sweet potato	4	0
	lotus	4	0
	others	29	0

Table 3 .

 3 Factors investigated by the selected papers.

	Structure Level	Investigated Factors	Count
		chain length distribution	18
		amylose content	18
	Molecular level	protein content	8
		molecular size distribution	7
		molecular order	7
	Crystalline and lamellar level	crystallinity lamellar structure	30 13
	Granular level	granule morphology granule size distribution	21 11
	Functional properties	gelatinization properties (DSC) pasting properties (RVA)	16 5
	Other	others	38

Table 4 .

 4 Sugar measurements for selected papers.

	Sugar Measurement	Count
	GOPOD	29
	DNS	9
	PAHBAH	8
	Anthrone-H 2 SO 4	5
	others	8

  1 t + C 2 1e -k 2 t (4) Y t = Y RS + Y RDS e -k RDS t + Y SDS e -k SDS t (5) where t int is the time of intersection of two consecutive reactions; C int is the concentration of product at t int ; k 1 and k 2 are the corresponding rate constants for each type of starch; C 0 is the starting concentration of digestible starch; C 1 and C 2 are concentrations of two digestible starch types with distinct susceptibilities to amylolysis. Y t is the normalized starch concentration and Y RS , Y RDS and Y SDS are the concentrations of RS, RDS and SDS; k RDS and k SDS are the rate constants of RDS and SDS.

Table 6 .

 6 Statistical analysis for selected papers.

	Statistical Analysis	Count
	ANOVA (with follow-up tests)	41 (26)
	correlation analysis	11
	multivariate analysis	5
	t-test	3
	two-tailed test	2
	statistical power analysis	1
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Supplementary data

Fig. S1. Correlation matrix of structural features and pasting properties of wheat MAGIC population. A/B ratio (STD) and (GMD), the ratio of A-type to B-type granules calculated respectively from method size threshold discrimination and gaussian mixture distribution; S/L ratio, the ratio of short (DP [6][7][8][9][10][11][12][13][14][15][16][17][18][19][20][21][22][23][24] to long (DP 25-47) chains of amylopectin; AC, amylose content; AA, α-amylase activity; PT, pasting temperature; PV, peak viscosity; TV, trough viscosity; FV, final viscosity; kw, reaction rate coefficient for t = 1; h, reaction rate retardation over time; 𝑋 ∞ , final hydrolysis extent.

Table S1

Complete co-occurrence found by hierarchical clustering on principal components on dataset size threshold discrimination (STD) and gaussian mixture distribution (GMD).

The amylose content was investigated using the DSC Q100 apparatus (TA Instruments. New Castle. DE. USA) based on the method introduced by Mestres et al., (1996) with modification.

Starch (10 mg) and 50 µL of 4% L-α-lysophosphatidylcholine were mixed in a stainless-steel sealed pan. Temperature was raised to 140°C at a rate of 10 °C/min and hold on for 2 min.

Temperature was then decreased to 20°C at a rate of 3°C/min. Enthalpy was obtained by TA Instruments Universal Analysis software. The enthalpy of amylose-lipid formation was 27 J/g for pure potato amylose (Mestres et al., 1996). The amylose content was calculated as the proportion of measured enthalpy to 27 J/g.

Statistical analysis

The correlation matrix and correlation heatmap with hierarchical clustering were performed using R v4.0.3. The correlation (Pearson) matrix was performed using the package "corrplot".

The heat map with hierarchical clustering was then produced with the purpose of reordering variables by their correlations using the package of "cluster" and "gplots". Euclidean distance and pair-group arithmetic average were used for calculating dissimilarities and aggregation index. Dendrograms were added to the right side and to the top of the heat map during the analysis.

Results and discussion

Starch characterization

The amylose content was determined in native and fractionated starch granules for commercial wheat varieties (N1 and N2), WAXY and HAMY wheat starches (Table 1). The amylose content measured by DSC method ranged from 28.3% to 34.2% for normal wheat starches (N1 and N2). As expected for WAXY starch, the level of amylose content was below the detection level by the method of DSC. HAMY starch showed the highest amylose content ranging from 53.6% to 59.1%. B-HAMY showed significant higher amylose content than A-HAMY. No significant differences in amylose content were found between the A-and B-type granules of normal starches (N1 and N2). S/L, the ratio of DP 6-24 to DP>24; d, lamellar repeat distance; To1, gelatinization onset temperature; Tp1, gelatinization peak temperature; Tc1, gelatinization conclusion temperature; R1, temperature range of gelatinization; H1, gelatinization enthalpy; To2, onset temperature of amylose-lipid complex dissociation; R2, temperature range of amylose-lipid complex dissociation; H2, enthalpy of amylose-lipid complex dissociation; DH, double helical conformation fraction; M2, dipolar interaction; SH, single helical conformation fraction; T2a, water mobility; AF, amorphous fraction; A/B ratio, the ratio of A-type to B-type granules.

Supplementary data

Foreword of chapter IV

From the previous chapters, we noticed that the kinetics parameters kw and h of the Weibull model were positively correlated. In fact, the relationship between kw and h can be further represented by a regression model which will be described in detail in this chapter IV. The

model of kw and h took us to think about two questions: (i) does this model of kw and h exist for other type of starches? And if yes, (ii) what do kw and h represent and what are the links with

starch structures? To answers these questions, the hydrolysis kinetics were measured for starch from different varieties and also for starch under different treatments (e.g. extrusion, recrystallization) in Chapter IV. This would help us get a better understanding of starch hydrolysis performance.

Chapter IV

Starch amylolysis: analysing deviations from pseudo first-order kinetics

Supplementary data

Table S1

Laser analyser test of particles dimension. D(v, 0.1), D(v, 0.5) and D(v, 0.9) are diameters representing the points at which 10%, 50% and 90% of the sample have smaller diameter. 

Results

Finding the optimal α-amylase concentration Four concentrations of dialyzed PPA were tested on wheat starches WT and Wx: 128 U/mL, 64 U/mL, 32 U/mL and 16 U/mL. The hydrolysis was carried out using an agitator placed in the oven (37 °C). Fig. 2 showed that the two types of wheat starches WT, Wx can be distinguished from 120 minutes using a concentration of 16 U/mL of PPA. Thus, the following experiments were carried out with an enzymatic activity of 16 U/mL. 

Comparison of enzyme purification methods

Three purification methods were tested: dialysis, desalting and ultrafiltration. According to Fig. 3, the dialyzed PPA gave a higher hydrolysis rate and extent than the desalted PPA.

Ultrafiltration gave the lowest hydrolysis rate. After calculating the specific activities and protein loss (Table 1), it was observed that dialyzed and desalted PPA had the same percentage of protein loss. In addition, their specific activities remained almost at the same level. In contrast, ultra-filtered PPA had a higher protein loss and a lower specific activity, which may be due to the difficulty of collecting enzyme after centrifugation (enzyme adhered to the surface of the tube) and protein denaturation during centrifugation. Considering other criteria such as the

Validation of the incubation conditions

Two hydrolysis were performed in parallel with 16 U/ml of dialyzed PPA on wheat starches WT, Wx: one by placing the agitator in the oven, the other with the ThermoMixer. Fig. 8 shows that the hydrolysis is better with the oven. Two hypotheses were then proposed: (1) the difference in hydrolysis is due to the agitation mode of the equipment; (2) There were differences in temperature between the two systems. Increasing the speed of the ThermoMixer Instead of 700 rpm, the speed was increased to 1500 rpm (the maximum speed of ThermoMixer)

to hydrolyze wheat starches WT and Wx using 15 U/ml desalted PPA. According to Fig. 9, increasing the speed does not improve the degree of hydrolysis.

Comparing the variability of the machines

The coefficient of variation was calculated as the ratio of the standard deviation to the mean value. Each condition was repeated at least three times. According to Fig. 11, the ThermoMixer at 37 °C gave a greater variation than the others over the entire duration of the test. The results from the oven and the ThermoMixer (≥ 40 °C, 1500 rpm) had comparable variability except during the first 20 minutes of hydrolysis. The combination of oven + agitator was less repeatable.

Thus, the ThermoMixer (≥ 40 °C, 1500 rpm) was a better choice for the hydrolysis reaction. 3). By contrast, BLA exhibited without purification a significantly higher absorbance compared to the control group. Thus, to simplify the protocol and limit the risk of unnecessary source of variation in large starch hydrolysis experiment, PPA was chosen without purification process. final stages, we retained the publications of the last five years and manually removed the articles not in the scope. The information about the 57 articles of the panel used for the following analysis is supplied as an excel table; in the Supplementary Materials, each article is assigned an id with the name of the first author, the year of publication and, when needed, a letter ('a', 'b' . . . ) to distinguish between articles with same name that were published in the same year.

Table 1 reports the topics addressed by the panel. The large majority (70%) focused on the factors and mechanisms influencing starch amylolysis. The remaining papers described the effect of modification treatments on starch structure and amylolysis to meet various end-product performances. The modifications included an amylolysis optimization process involving novel degrading enzymes as well as comparing and developing different kinetic models to improve amylolysis analysis. * Supplementary Materials table provides information for the publication with the corresponding id.

Type and Size of Samples

Cereal starch from maize, rice and wheat, together with potato starch, were extensively studied in our publication panel (Table 2), most likely as ingredients available worldwide. Maize starch was the most frequently investigated among crops (35% of the papers); it includes the starch from well-known commercial lines of maize mutants, e.g., wx (waxy), ae (amylose-extender) and su2 (sugary), with various granular and macromolecular structures [65]. Other starch types, including cassava sweet potato, bean and pea starch, complete the publication list.

Table 2 also provides the number of papers that compare wild-type, mutant, transgenic lines and single-segment substitution lines starch, all with a similar genetic background. This type of experiments is reported in 14% of the panel and involves mainly rice (Table 2). Surprisingly while maize mutant starch is present in many publications, the panel does not include specific works on maize genetic variants. This suggests that this crop has been already well covered in past publications. Starch obtained from genetic variants presents structural alterations caused by either deletion of or modifications of the expression (silencing, downregulation, upregulation) in the enzymes of the starch biosynthesis pathway. Those enzymes are generally acting on the elongation, the branching or the debranching of the starch polymers [66]. Genetic variants introduce targeted starch structural modifications and often generate near isogenic control lines, allowing comparative studies focusing primarily on the altered features [37,63]. was not reported in the panel. Eighty-eight percent of the panel described the starch degradation over time using a kinetic model fitted to the data, which appears to be a common practice to quantitatively analyze the kinetics parameters [18]. A simple kinetic model can describe not only the degradability level at different times but also the shape of the curve describing the hydrolysis time course and the reaction rate coefficient. Figure 4b presents examples of time-course measurements of the hydrolysis extents fitted with a modified first-order kinetic model, i.e., the Weibull model, Equation (6). Seventy percent of the panel applied the empirical first-order kinetics (Table 5) using Equation (1) proposed by Goñi, Garcia-Alonso & Saura-Calixto [15]:

where C is the product concentration at time t, C ∞ is the production concentration at the end of the hydrolysis and k is the reaction rate constant. Although the first-order kinetics describes well the hydrolysis profile, it needs an accurate estimation of C ∞ , which can be difficult to achieve even with a prolonged hydrolysis assay [84]. The application of the log of slope (LOS) plot via equation:

by Butterworth et al. [84] allows the calculation of C ∞ from the intercept on the y axis that could avoid the aforementioned issue. Forty-six percent of the panel applied the LOS plot for obtaining a more reliable estimation of C ∞ and k. Kinetics data do not always follow a first-order kinetics, which led to adaptations of Equations ( 1) and (2). Two main adaptations of the first-order kinetics model have been proposed to obtain a better fitting of kinetic data, a sequential model that describes a