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Het was een mooie dag en ze liepen het bos uit, de verte in.

Toon Tellegen, Misschien wisten zij alles
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Abstract

Resistant starch is starch that escapes digestion in the small intestine and transits
to the colon, where it is subjected to fermentation by gut microbiota that produce
health-beneficial short-chain fatty acids. Usually, only part of the starch we
consume is resistant to digestion. Here, we studied how to design resistant starch
type 3 (RS-3), i.e. retrograded starch, in such a way that it is resistant to digestion
in the small intestine, while still being fermentable by gut microbiota from
various subjects.

Twelve unique RS-3 preparations were produced from a-1,4 glucans, varying in
chain length and molecular weight distribution, that were crystallized in A- or
B-type crystals. These twelve RS-3 preparations were digested in vitro to mimic
the small intestinal transit. This revealed that six RS-3 preparations were highly
resistant to digestion (80-95 % RS, “intrinsic RS”). These six intrinsic RS-3
substrates were further studied for their fermentability in vitro using a pooled
adult faecal inoculum. The six intrinsic RS-3 substrates were all slowly
fermentable by such a mixed microbial population, although simultaneously
promoting butyrate production. The other six RS-3 preparations, still containing
digestible starch, were fermented much faster using the same faecal inoculum,
while stimulating different microbial populations. In vitro fermentation of
selected RS-3 preparations using pooled pre- or post-weaning piglet faecal
inocula revealed that both communities were able to ferment RS-3 preparations
containing digestible starch. In contrast, intrinsic RS-3 was clearly fermented by
pooled post-weaning piglet faecal microbiota only. A selection of intrinsic RS-3
substrates was also inoculated with well-known RS-degrading species
Ruminococcus bromii and Bifidobacterium adolescentis in mono-culture. The results
showed that R. bromii was able to degrade all substrates properly and equally
well, whereas B. adolescentis was only slightly able to ferment A-type intrinsic
RS-3.

We now know how to design RS-3 substrates that are resistant to digestion in
the small intestine, while still being fermentable by specific gut microbiota.
These highly resistant RS-3 substrates are potential health-beneficial ingredients
that might stimulate butyrate production in the distal colon.
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Chapter 1

Project outline

Starch is an important source of energy within the human diet and mostly
present in foods in a processed form. A small proportion of the dietary starch
will survive digestion in the upper gastro-intestinal tract (GIT) and transit to the
colon. This so-called resistant starch is then subject to fermentation by gut
microbiota, that first initiate hydrolysis of the resistant starch into smaller
fragments and subsequently metabolise these into health-beneficial short-chain
fatty acids. The amount of digestible starch that arrives in the colon is unclear,
since this depends largely on the starch form, food matrix and transit time and
is therefore considered a kinetic parameter. Starch can also be intrinsically
resistant to pancreatic digestion, allowing a larger proportion of resistant starch
to transit to the colon. In this project, we aimed to understand how to prepare
starch substrates in such a way that they resist digestion in the upper GIT and
are subjected to fermentation in the colon. We specifically worked with resistant
starch type 3 (RS-3), since the resistance to digestion in RS-3 can be influenced
by processing parameters and such intrinsic RS-3 could be added to foods as a
potential health-beneficial ingredient. Recent research has greatly put effort in
understanding how to prepare RS-3 with high resistance to digestion, but
knowledge on the fermentability of such highly resistant RS-3 ingredients is still
lacking.

1. Native starch structure

Starch is a main storage polysaccharide in plants, consisting of two polymers,
amylose and amylopectinlll. Amylose is a long linear a-1,4 linked glucose
polymer (Figure 1.1-Al), with a minor amount of a-1,6 linked branch points,
depending on the molecular weight. The molecular weight (Mw) of amylose is
usually 10°-10° Da, resulting in a degree of polymerization (DP) of 500-6000,
depending on the botanical sourcel>4. Amylopectin is a more branched polymer,
with around 5 % a-1,6 linkages!'l that connect short side-chains of a-1,4 linked
glucose residues. The amylopectin molecule has usually a Mw of 106-107 Dal5
and consists of A-chains, B1-, B2-, B3- and C-chains, which are defined by the
amount of «-1,6 linked branch points or carrying the reducing end
(Figure 1.1-A2). Consequently, these chains all have a different chain length,
with A-chains (DP 6-12)I7I only having one a-1,6 linkage, which connects it to
short Bl-chains (DP 13-23)I” 8l. Long B-chains (B2 = 24-57, B3 > DP 5018]) are
substituted by one or several other chains and connected to a C-chain
(DP 10-130)P°, which carries the reducing end.
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SEMI-CRYSTALLINE
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Figure 1.1. Overview of starch structure. Al: Amylose chain, A2: Amylopectin structure with A-, B-
and C-chains, * shows the reducing end. B: Hypothetical granule with growth rings. C: Semi-
crystalline and amorphous regions within growth rings. D: Amylopectin blocklet structure with
amylose interspersed. E: Short amylopectin (side-)chains crystallize in an A-type polymorph, long
amylopectin side-chains crystallize in a B-type polymorph. F: X-ray diffractogram of typical A-type
(waxy maize) and B-type (potato) starch, adapted from Lopez-Rubio et al. (2008)101.

Within a plant, amylose and amylopectin are forming a supramolecular
structure, with alternating semi-crystalline and more amorphous layers, called
growth rings!!l (Figure 1.1-B, C). The semi-crystalline layers primarily consist of
the short (side-)chains of amylopectin that form double helices and cluster
together, whereas the more amorphous layers within the growth rings contain
the a-1,6 linked branch points (Figure 1.1-D). The double helices within the semi-
crystalline part are left-handed and parallel stranded! and packed in three
different crystal types, depending on the botanical source. Short a-1,4 chains,
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such as present in cereal starches, form A-type crystals, whereas longer chains,
such as present in tuber starches form B-type crystals!'!l (Figure 1.1-E, F). Also a
mixture of both A- and B-type polymorphs, the so-called C-type starches, can be
found in e.g. legume starchesll. The amylose molecules are randomly
interspersed between the semi-crystalline and amorphous regions of the
amylopectin clusters (Figure 1.1-D)I8l. Together, the supramolecular structure of
amylose, amylopectin and minor components present, form a granule of varying
morphologies, depending on the botanical sourcel'2l.

Starch in plants is thus present within granules, of which the exact molecular
details depend on the botanical source. Most native starches contain around
20 - 30 % amylose and 70 — 80 % amylopectin, but so-called waxy starches only
contain amylopectinl® 1, whereas high-amylose starches contain up to
80 % amylose. Cooking granules, often performed to prepare foods, will
gelatinize the starch, which causes irreversible disruption of the molecular order
within the granules!' and solubilization of the amylopectin and amylose chains.

2. The starch journey through the upper gastro-
intestinal tract

2.1. Starch digestion /n vivo

2.1.1. Mouth

Starch digestion starts in the mouth, where our food is masticated to decrease
the particle size to 0.8 — 3 mml"9, thereby increasing the surface area of the food
particles. Simultaneously to mastication, the food particle is hydrated with
saliva, until a food bolus can be formed. Saliva contains salivary a-amylase, an
enzyme that usually hydrolyses up to 5 % of the a-1,4 linkages within starch
present in the mouthl'dl to yield maltose, maltotriose and branched a-limit
dextrins. Once the food bolus is formed, it will be swallowed and travel from the
mouth via the esophagus to the stomach.

2.1.2. Stomach

In the stomach, the food bolus is mixed with gastric juices containing acid,
pepsin, lipase and salts. The stomach itself does not produce starch-active
enzymes, but depending on the pH (2-5), salivary a-amylase may still be active
once the food bolus has arrived in the stomach!7-1l. Although starch may be
enzymatically hydrolysed in the stomach, it is generally accepted that such
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hydrolysis is minor compared to starch hydrolysis in the small intestine. The
amount of time that the digesta will stay in the stomach is usually between
4 - 20 hi*l depending on gastric emptying, which allows the movement into the
small intestine.

2.1.3. Small intestine

In the small intestine (pH around 6.01211), multiple enzymes collaborate to digest
starch to glucose. Pancreatic a-amylase hydrolyses the «a-1,4 linkages within
starch, releasing maltose, maltotriose and a-limit dextrinsl'¢l. These are further
hydrolysed  to  glucose by  brush-border  enzyme  complexes
maltase-glucoamylase and sucrase-isomaltase. Together with pancreatic
a-amylase, these enzymes are fully able to hydrolyse solubilized starch to
glucose, which is taken up by glucose transporter proteins present in the
epithelium/??l. The transit time of digesta within the small intestine is around 4 h,
both in a fasted or a fed statel?’l. Undigested nutrients reaching the ileum may
trigger the ileal brakel?*,, which releases the hormones GLP-1 and PYY. These
hormones were shown to slow down the gastric emptying/?4, but might also slow
down the flow of digesta into the large intestinel??l.

2.1.4. Factors impacting starch digestion

Not all starch present in foods is digested in the upper GIT. A fraction of starch
may escape digestion and transit to the colon to be subject to fermentation.
Starch digestion in the upper GIT may be hindered due to factors like the food
matrix, the starch type and the use of inhibiting molecules, that allow a larger
proportion of starch to transit to the colon. The food matrix of starch-rich foods
such as bread and pasta consists next to starch of proteins and lipids, and
digestibility of such food depends on its microstructurel?> 26l. Furthermore,
certain dietary fibres may affect the viscosity of the food and therefore slow
down the digestion?” 28], resulting in a potential increased proportion of starch
reaching the colon?-31. Additionally, the wuse of acarbosel3 or food
polyphenolsl®®l may inhibit pancreatic a-amylase activity, also increasing the
proportion of digestible starch reaching the colon.

2.2. Starch digestion /n vitro

Many models exist that mimic digestion in vivo by means of in vitro digestion. A
widely accepted model is the INFOGEST model, that is focussing on digestion
of whole food productsi® and has been developed to better compare in vitro
digestion data. According to the INFOGEST model, 15 % of the starch within
various products such as bread, pasta and cookies would reach the colon/®l.
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The Englyst model was specifically developed for starch digestion kinetics!®!
and recognizes three starch fractions, based on the time needed to digest the
starch with an excess of pancreatic a-amylase and amyloglucosidasel?”l. Rapidly
digestible starch (RDS) is the starch that is hydrolysed within 20 min of in vitro
digestion in the Englyst model, whereas slowly digestible starch (SDS) is the
starch that is hydrolysed within 20-120 min of in vitro digestion®l. The
proportion of starch that is not digested in vitro within 120 min is considered
resistant starch.

3. Resistant starch

The starch that arrives in the colon in vivo is considered resistant starch. Some
starches are hard to be completely digested by the upper GIT enzymes, resulting
in a transit of part of the starch to the colon. Different types of resistant starch
are described, based on the nature of resistancel®l. RS-1 refers to starch
entrapped in a cell-wall matrix. Those cell-walls cannot be digested by host
enzymes and therefore the entrapped starch will transit to the colon where
bacterial enzymes first hydrolyse the cell-walls and consequently release the
starch. RS-2 refers to native granules that resist digestion, from crops such as
potato, high-amylose cereal or banana. RS-3 refers to retrograded starch, in
which long amylopectin (side-)chains or amylose chains recrystallize after
gelatinization. Usually, RS-3 is considered as present in cooked and cooled food
products, but it can also be added as an ingredient to foods. RS-4 refers to
chemically modified starches and RS-5 refers to the amylose-lipid complexes.
Additionally, enzyme-resistant starch may also form during digestion, due to
rearrangement of the amylose chainsi® 41. Most of these described resistant
starches are not fully resistant to digestion directly, but contain a fraction of
starch that is not hydrolysed within the transit time.

Resistant starch type 3 is of interest since, by processing, its resistance to
digestion can be influenced. In foods, especially amylose molecules tend to
retrograde quickly™!, making linear a-1,4 glucans of interest to explore
retrogradation into highly resistant RS-3 ingredients. The Mw and Mw
distribution of linear «a-1,4 glucans can be controlled by e.g. enzymatic
modification, after which a-1,4 glucans are obtained with a defined chain length
and Mw distribution that may form RS-3 substrates with high resistance to
digestion.
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3.1. An enzymatic toolbox for modifying starch molecular weight and molecular
weight distribution

Starches can be modified enzymatically to change the molecular properties of
the starchi*?l. Enzymatic modification of starches usually changes the chain
length or the amount of branch points of the starch molecules (Figure 1.2).

3.1.1. The enzymatic toolbox

The amount of branch points within amylopectin can be modified by the use of
so-called debranching enzymes isoamylase (EC 3.2.1.68[#], Glycoside Hydrolase
family (GH) 1314]) or pullulanase (EC 3.2.1.41131, GH13 and GH5744), or by the
use of branching enzymes (EC 2.4.1.1814%], GH13 and GH57!44)) that introduce new
a-1,6 branch points (Figure 1.2). Debranching enzymes hydrolyse a-1,6 linked
branch points within the amylopectin molecule, resulting in primarily linearly
linked a-1,4 glucans after full hydrolysis. Contrary, branching enzymes are
glucan transferases that act on linear a-1,4 linked chains and transfer these a-1,4
glucans to another chain via an a-1,6 linkagel*5#], resulting in a much more
branched molecule with up to 13 % branch pointsi*> 48l and consequently much
shorter side chains.

The Mw and/or Mw distribution of a-1,4 glucans within starch can be influenced
by e.g. a-amylase (EC 3.2.1.11#3, GH13, GH57, GH126#4]) that hydrolyses «-1,4
linkages resulting in a decrease of the Mw, or by the use of transferases that
e.g. elongate or disproportionate the starch molecules. Amylomaltase or
4-a-glucanotransferase (EC 2.4.1.25%1 GH13, GH57, GH77#) is a
disproportionating enzyme that transfers a segment of an a-1,4 glucan to another
a-1,4 glucan via an a-1,4 linkagel*! (Figure 1.2). Incubation of e.g. potato starch
with amylomaltase results in both shorter and longer amylopectin (side-)chains,
compared to the initial amylopectin, at the expense of amylosel>. Elongation of
starch molecules can also be achieved by enzymatic synthesis using, e.g.
sucrose or glucose-1-phosphate (a-Glc-1-P) as donor molecules. Amylosucrase
(EC 2.4.1.4%3, GH13I44) elongates a-1,4 glucans at the non-reducing end, using
sucrose as a donor and releasing fructosel®" 521 (Figure 1.2). A lower sucrose
concentration results in a higher average chain length at the end of synthesis by
amylosucrase, but due to the random reaction mechanism of amylosucrase, a
mixture of a-1,4 glucans is synthesized with a broad Mw distribution!®?. In
contrast, narrow disperse a-1,4 glucans can be obtained by the use of a-glucan
phosphorylase (EC 2.4.1.1143, GT3544l), also called potato glucan phosphorylase
(PGP), that elongates a primer molecule > maltotetraose using a-Glc-1-P and
producing inorganic phosphatel®! (Figure 1.2). The average Mw at the end of the
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enzymatic synthesis by PGP depends on the ratio between the primer molecule
and a-Glc-1-PiP4. Since PGP favours to elongate the shortest malto-oligomer
present, the mixture of a-1,4 glucans at the end of synthesis will be more narrow
dispersel®*, compared to e.g. debranched amylomaltase modified starch or a-1,4
glucans synthesized by amylosucrase.

isoamylase LA
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Figure 1.2. The enzymatic toolbox for enzymatic modification of starches. The diagonal line
represents the reducing end. The glucose residue that is changed after enzymatic modification is
indicated by a red outer line.

3.1.2. Using the enzymatic toolbox to obtain the desired Mw

Depending on the botanical source the average chain length after debranching
differs; with e.g. debranched normal starches having a higher Mw than
debranched waxy starches and e.g. debranched waxy wheat having a lower
average size (DP 22) than debranched waxy potato (DP 32)I'% %51, Furthermore,
debranching modified starches priorly treated with branching enzymes, results
in short a-1,4 glucans!®l, whereas debranching modified starches priorly treated
with amylomaltase or amylosucrase, results in extended «-1,4 glucansl® 571,
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3.1.2. Using the enzymatic toolbox to obtain the desired Mw distribution

The Mw distribution of starch refers to the distribution of the a-1,4 glucans
within a mixture and can be measured using high-performance size-exclusion
chromatography!®l. Mw distribution can be evaluated using the polydispersity
index (PI), in which the mass-based Mw is divided over the number-based Mw.
A high polydispersity index refers to a wide variety of «a-1,4 glucans with
different Mw within a mixture, whereas a low polydispersity index refers to a
low variety of such a-1,4 glucans within a mixture, a so-called narrow disperse
mixture. If the PI of a mixture equals 1, it has a monodisperse Mw distribution
in which the mass-based Mw equals the number-based Mw.

Debranched normal starches usually have a trimodal Mw distribution!],
consisting of the high Mw amylose part and the short amylopectin (side-)chains
that differ in chain length (A, B and C-chains (Figure 1.1-A2)). The Mw
distribution of debranched waxy starches is much lower and usually results in a
bimodal Mw distribution®® ¢l. Also, by the use of enzymatic modification, the
Mw distribution of a-1,4 glucans can be influenced, with enzymatic synthesis by
PGP resulting in a narrow disperse Mw distribution/®¥ and enzymatic synthesis
by amylomaltasel®”! or amylosucrasel®? in a more polydisperse Mw distribution.
A more narrow Mw distribution of a-1,4 linked glucans can also be achieved by
fractionation of debranched amylopectinsi¢! ¢2, although the PI of enzymatically
synthesized a-1,4 glucans by PGP was found to be much lowerl54. The Mw
distribution of a mixture can thus be influenced by the choice of botanical source
(waxy or native starches), enzymatic modification or by fractionation of the
a-1,4 glucans after debranching.

By using this enzyme toolbox and starches of different botanical sources, a-1,4
glucans can be obtained with defined Mw and Mw distribution that could be
used to prepare retrograded starches with high resistance to digestion.

3.2. Retrograded starch

As explained previously, native starch is present in an ordered structure inside
granules. Cooking starch granules will irreversibly disrupt this ordered
structure, resulting in solubilization of the starch molecules. Upon cooling, the
starch molecules tend to reassociate and recrystallize in an ordered form, a
process called retrogradation*!l. Retrograded starch found in foods is often
undesirablel*!l, but the process of retrogradation can also be used at our benefit
to make starch that resists digestion in the upper GIT.
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3.2.1. Crystal type

During retrogradation, a-1,4 glucans tend to recrystallize in A- or B-type
polymorphs (Figure 1.1-E)i¢3, similar to the ones as found for native starches, as
measured by X-ray diffraction (Figure 1.1-F)i5 64 651 Whether A- or B-type
crystals are formed during recrystallization of starch depends on the chain
length of the a-1,4 glucan, and the concentration and temperature during
crystallizationl®® 66 671 Crystallization of long a-1,4 glucan chains at low
temperatures usually results in a B-type polymorph, whereas crystallization of
short a-1,4 glucans at high temperatures and high concentrations results in an
A-type polymorphl® 681, A minimum chain length of DP 10 is required to form a
double helix!®”], but smaller oligosaccharides such as maltohexaose can co-
crystallizel’ ¢4, At 50 °C debranched waxy maize starch (DP 24) crystallized in
an A-type polymorph, whereas at 4 °C such a-glucans crystallized in a B-type
polymorphl!®l. A-type crystals can also be formed using acetone precipitation
from an aqueous solutionl® 70l. Crystallization of narrow disperse a-1,4 glucans
of DP 32 in acetone resulted in an A-type polymorph!”l, whereas in water a-1,4
glucans of DP 32 (polydisperse) crystallized in a B-type polymorphi¢l.

After using the enzymatic toolbox and starches of different botanical sources to
prepare a-1,4 glucans of defined chain length and Mw distribution, the
a-1,4 glucans can thus be crystallized in A- or B-type retrograded starches.
Together, a-1,4 glucan chain length, Mw distribution and crystal type are the
three primary characteristics of retrograded starches, since their attributes can
be steered (Figure 1.3).

3.3. Resistance to digestion of retrograded starches

Commercial retrograded starches used as RS-3 ingredients are C*Actistar™ and
Novelose® 330. C*Actistar™ is prepared from partially debranched tapioca
starch with > 50 % of the chains having DP 10-35[71], retrograded in an A-type
polymorph!”2 and containing approximately 55 % RSI7!l. Novelose® 330 is
prepared from retrograded high-amylose maize starch (HAMS) and has a B-type
polymorph, with approximately 40 % RSI”3l. Previously, it has been shown that
addition of these RS-3 ingredients improved the RS content of food products,
even after cooking!”’4, since these ingredients are thermally stable. However,
these commercial RS-3 ingredients still contain quite some digestible starch. In
the past decade, many studies have been investigating how to increase the
proportion of resistant starch in RS-3 ingredients, by e.g. the use of different
botanical sources or processing parameters (Table 1.1).

10
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Figure 1.3. Primary characteristics of retrograded starches.

3.3.1. Effects of Mw, Mw distribution and crystal type on RS content

Retrograded starches prepared from partial pullulanase debranched waxy
maize, high-amylose maize or waxy rice starch contained RS levels < 29 %7577,
In vitro digestion of crystallized fully isoamylase debranched waxy starches of
different botanical sources showed that longer chain length a-1,4 glucans,
obtained from debranched waxy potato starch, resulted in more resistance to
digestion with up to 78 % RSI>! (Table 1.1). Other studies reported branch-chain
elongation of waxy maize, normal maize or amylomaize by amylosucrase,
followed by crystallization and reported RS contents of up to 70 %l7 79l
Therefore, to obtain high proportions of RS within RS-3 preparations it seems
necessary to either fully debranch starches to only obtain a-1,4 linked glucans or
to elongate the branch chains to support the formation of double helices and
subsequent crystallization.

Re-crystallized debranched normal and waxy rice starch differ in Mw
distribution, but this was minorly affecting the resistance to digestion!*
(Table 1.1), although it should be realized that such a-1,4 glucans also differ in
average Mw. So far, no studies reported the resistance to digestion of RS-3
preparations made of a-1,4 glucans with a narrow disperse Mw distribution,

11
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although previously it has been shown that such a-1,4 glucans crystallize
perfectlyl® 701 The crystal type obtained after re-crystallization was shown to
affect the RS content with A-type crystals being more resistant to digestion than
B-type crystals of similar Mw!¢0. 681 (Table 1.1).

3.1.2. Other processing factors impacting RS content

The resistant starch content of RS-3 preparations can also be affected by
treatments after crystallization. Repeated temperature cycles such as boiling and
storage at 4 °C for 48 h, or storage at 4 °C followed by storage at either -20 °C,
30 °C or 40 °C did not improve the RS content to more than 38 %50 81l. Other
treatments after crystallization such as annealing or heat-moisture treatment
increased the RS content to 71 % for debranched cassava or debranched waxy
rice starchl® #! (Table 1.1). It is note-worthy that the drying method after
crystallization hugely impacts the RS content found after crystallization of RS-3
preparations. Especially freeze-drying and spray-drying cause a lower RS
content compared to air-dryingl8 84,

As shown in Table 1.1, quite some research has been performed on improving
the RS content within RS-3 preparations using various physico-chemical
parameters. Some RS-3 preparations were shown to be very resistant to upper
GIT digestion, with samples containing up to 85 % RS, which are likely to transit
to the colon largely intact.

12



General introduction

JUDUI}EI) 9IN)STOW-}EI - ‘JUWIILIT)

SGurreauuy, ‘Anjowrtiore) Suruuedg [eRjULIdII UM painseawr se arnjeraduwa) yeaJ :dl, Guajuod yoieis a[qusaSIp A[MO[Sq JUIUOD UdIL)S JUR)SISIYe

€8 adhy-g s 8L paup-Aexds skep 17D, ¥ porers spoyowt
[es] 8 adAy-g 1s413ug o 67 D. 0F ¥e patp skep 17D, ¥
2011 Axem Suikip jo payyg
6L [e3shidou 6 or PaLIp-3Z221] skep 1D, ¥ :
L1V <-- LINH Aq pamo[[oy 4 ¢
GIT adAy-g ST |94 ,
10§ D, 08 PU® Y G ‘D, 0F JO SAAd 21133
LAH <— LV £q pamoyioy 4 g
STT ad£3-q0 for 9% .
p2 202002 10§ D, 08 PU® Y € ‘D, 0€ JO SAPAd 2213
[z8] j10dax ks paLIp-1re LINH Aq pamo[[o3 ‘4 ¢ UoIe)S BARSSED
od -
ort jou i VOV 6c s4 10§ D, 08 PUE Y G ‘D, 0F JO SI[4Ad 2213 uonezI[e}sA1
91l adfy-g 8¢ o5 LV Aqpomoloy ¢ e LH
10§ D, 08 PUR Y G ‘D, 0€ JO SAPA> a1y / Burpeauuy
601 ad4y-g 52 1% Y G I0J D, 08 PUB Y G D, 0€ JO S9PAS 221
601 0'Z ad&y-v 202002 [ LINH &q pamorjoy skep 9 5, 0g
; d5- d x SKep ¢
(el 101 0L ad&y-y poou pajtodar iz Y — -LINH 4q an:ow sKep m 2. 5T oot Axem
443 0'Z adAy-v jou 89 1V Aq pamoriog ‘skep 9 D, 05
38 0z adkg VOV 5 IV Aq pamoiio] SAep € 0, &
16 6¢ adhi-g 43 84 u¥c D. ¥ smyeraduray
[89] 6 6 ad4y-g 1sA13ug 01 08 D. 0F ¥e paup Y¥c D. ST azrewr Axem wonezIeIskis
811 3 ad&y-v [ c8 U¥c . 08 T
$01 s adAy-g 54 [ oyejod Axem
1sA[8u . OF ¥ paut . >,
[o9] ot o Sdf~ [3ug o & D. 0% ¥e paup D.0SU¥T “D. 0S UFT —a e
g adAy- © paLl SAe B
= w.m wawu .< fesic0"c00 pauodar = g am ﬁmrﬁ m.@v : \Ue @m ooH [euon
lec] 88 w.m 1d poaw 0¢ D, mmj Je paLIp pe \ue [ S90S
80T 0L ad&y-v jou €¢ D. 0G ¥e paLIp skep 973, 0G
VOV 2011 Axem [eoruejog
8 0L adiy-g il D, Gz ¥e palp skep ¢ "D, 6T :
911l 8¢ adAy-g 6 8L ojejod Axem
[sc] 001 123 odl-g  pepsAiSug vL 89 D, 0F ¥e paup . STUHT D 06 UHT Szrew Axem
00T 9% adAy-g i 89 oM AxeM
) eay) adAy pasn Judju0d JUdju0d judunjear) dInos
A D.-dL M e PO SAS . Surkaq JU2UEA) (UOTRQNOUT +) UOTRZI[[eISAT) [eomueog pa1pmnys 323339

‘sarpradord JesrwaydodrsAyd

pue spoyjowr uoneredard ‘urduro juarayyip Suraey sayorels payouerqep woay paurejqo suoneredard ¢-gy jo senradord aansadig 1T 2IqelL

13



Chapter 1

4. The starch journey continues through the lower
gastro-intestinal tract

4.1. The gut microbiome and its activity

Once starch arrives in the colon, it is subject to fermentation by gut microbiota.
The gut microbiome is a complex ecosystem where bacteria, archaea, viruses and
eukaryotic microbes reside!®!, with around 10" facultative anaerobe and obligate
anaerobe bacteria per gram of faecal materiall®l. In adults, the bacterial phyla
that are mostly represented within the gut microbiota are Bacteroidetes and
Firmicutes, with low presence of Proteobacteria, Actinobacteria, Fusobacteria and
Verrucomicrobiotal®”). The microbiota composition is very host specific and
resilient, and could be disturbed by dietary changes or antibioticsi®®l. It is
generally accepted that although there is a wide variation in microbiota
composition, the overall function of the microbiome is similar among
individuals!®l. The gut microbiome provides different functionalities for its host,
such as fermentation of non-digestible food to metabolites that can be
absorbed!®], the synthesis of vitaminsl®l, outcompeting pathogens!/®?,
strengthening of the intestinal barrier and stimulation and regulation of the
immune system®3 %41,

The fermentation of non-digestible food to metabolites such as short-chain fatty
acids (SCFAs), consists or two steps: degradation to smaller sub-units, followed
by fermentation. The non-digestible carbohydrates that are reaching the colon
are degraded by carbohydrate-active enzymes (CAZymes) expressed by the gut
microbiotal®l. Some bacteria express many different CAZymes, such as members
of the Bacteroidetes phylum, able to degrade a broad range of substrates, and are
thus considered generalists, whereas other bacteria are real specialists, such as
some members of the Firmicutes phylum!l.

After degradation of the non-digestible carbohydrates, the mono-sugars or small
oligomers are fermented by the gut microbiota to health-beneficial SCFAs such
as acetate, propionate and butyratel®”l. Some bacteria can directly degrade and
ferment certain dietary fibres to e.g. acetate and lactate, whereas others rely on
cross-feeding to produce propionate and butyrate from acetate, lactate an
succinatel®®l. Formation of propionate from sugars is mostly through the
succinate pathway!®8], frequently found in Bacteroidetes and the Negativicutes class
of Firmicutes!®l. Butyrate producing species are found in the Firmicutes families
Ruminococcaceae, Lachnospiraceae, Erysipelotrichaceae and  Clostridiaceael®l.
Abundant butyrate-producing species found in the human gut are
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Faecalibacterium prausnitzii, Agathobacter rectalis [Eubacterium rectale], or Roseburia
species, that produce butyrate via the butyryl-CoA:acetate CoA-transferase
pathwayl!®l. Additionally, efficient cross-feeding between complex carbohydrate
degrading species that produce lactate, and some lactate-utilizing Firmicutes
species increases the production of butyratel'. Butyrate is essential for health
by providing energy to colonocytes!®l and has been associated with many health
benefitsl92 1031 such as modulation of immune and inflammatory responses,
stimulation of intestinal barrier function and with the prevention of colorectal
cancer!'®. Fermentation of resistant starch has been associated with elevated
butyrate levels!'0% 1961 and therefore resistant starch is considered a health-
beneficial dietary fibre.

4.2. The fermentability of resistant starch

Several studies have investigated the effect of including resistant starch in the
human diet on faecal microbiota composition. These studies either included RS-2
such as raw potato starch granules!'”] or high-amylose maize starchl!06 1081111 or
commercial RS-3 ingredientsl'?l like Novelose® 330"l and C*Actistar™I14,
Other studies dealt with pigs or rats fed with resistant starches, such as RS-2
from potato starch(''® or high-amylose starchesl'¢-118], or RS-3 from
Novelose® 33001191 or C*Actistar™I120l. The faecal microbiota composition after a
resistant starch intervention differs hugely between studies, but e.g.
Firmicutes!'! such as Ruminococcus!'% bromiil107. 108,110,112, 1131 - Agathobacter rectalis
[Eubacterium rectale](107, 109,110, 112] - Fgecalibacterium prausnitziilio% 110 Roseburiall12]
faecisl'®! and several Clostridium species!'®l were shown to increase in relative
abundance. Furthermore, Bacteroidetes such as Prevotellaceaell®, Bacteroides
thetaiotaomicron% and Actinobacteriall®’l such as bifidobacterial''*l among which
B. adolescentis!'%?] or Verrucomicrobiota such as Akkermansiall® were increased in
relative abundance after the intervention. Some studies also analysed the caecal
(animal) and faecal SCFA contents and found increased butyrate levels in
individuals, although highly variablel!06 107],

Quantification of the starch throughout the gut was performed in some pig
studies, in which it was shown that most of the resistant starch was fully
degraded within the digestive tract!!’e 117 120l To the best or our knowledge,
quantification of starch after in vivo studies in human was only performed
oncel2. Here, it was shown that 2 out of the 14 overweight men taking part in
the study were unable to fully ferment RS-3 (>60 % of RS remaining
unfermented)!'?], thereby suggesting that resistant starch degrading bacteria
might not always be present within the gut microbiome.
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4.3. /n vitrofermentation of resistant starch

In vitro studies can be performed to have a better understanding on the
degradation of resistant starch type 3 (ingredients) and fermentation to SCFAs.
Some in vitro studies investigated fermentability of commercial RS-3 ingredients
Novelose® 33011211  and C*Actistar™I121-125] whereas other studies were
performed on non-commercial RS-3 rich ingredients('26-130. These studies were
performed using faecal inocula from primarily adults’2'-126, but also faecal
inocula from infants(124-1261 or pigs!'2!. 130l were used. From Novelose® 330 (HAMS,
B-typel”l) and C*Actistar™ (partially debranched tapioca starch, A-typel”!) the
physico-chemical characteristics are known, whereas these were less clear for the
RS-3 rich ingredients as prepared in other studies'26-130. Most of these studies
analysed the SCFAs produced, representing the microbial activity. Only two
studies investigated the effect of RS-3 on microbiota composition by the means
of qPCRI28 or 16S rRNA gene sequencing!'39. This illustrates that although great
efforts have been performed to improve the resistance to digestion of RS-3
ingredients (Table 1.1), their fermentation in general and their potential to act as
a prebiotic i.e. “a substrate that is selectively utilized by host microorganisms
conferring a health benefit”1'31 is still mainly unexplored.

5. Enzymatic starch hydrolysis throughout the gastro-
intestinal tract

As elaborated, resistant starch is any starch that is not digested in the small
intestine and transits to the colon to be subjected to fermentation. This is a rather
broad definition that includes both starch (ingredients) that are highly resistant
to digestion and “digestible” starches that transit to the colon due to transit time.
The latter one could be considered kinetically resistant starch, since such starch
is essentially fully digestible by pancreatic a-amylase and a-glucosidase in
vitrol'32, but depending on other factors it might arrive in the colon in vivo. It is
likely that hydrolysis of highly resistant starches requires different a-amylases,
compared to starch that is kinetically resistant. Within the upper GIT, six host
enzymes are recognized able to degrade starch, whereas in the colon, many more
starch-active enzymes are present, as expressed by the various bacterial species.
The most represented glycoside hydrolase (GH) family within the gut
microbiome is family GH13, that harbours the most starch-active enzymes of all
families!®l.

16



General introduction

Full starch hydrolysis requires multiple enzymes, such as a-amylases,
pullulanases and a-glucosidases. Some of the starch-active enzymes possess
non-catalytic protein domains called carbohydrate binding modules (CBMs)!1331,
Such CBMs can bind to insoluble starch and therefore provide easier access to
the catalytic domain of the starch-active enzyme to achieve hydrolysis. Other
a-amylases do not possess such CBMs, but might have surface binding sites
(SBSs), which are situated on the catalytic domain and assist in raw starch
binding. Furthermore, a-amylases that contain both CBMs and SBSs also
exist133],

The two main starch-degrading enzymes in the upper GIT are the endo-enzymes
salivary a-amylase, primarily active on soluble starch, and pancreatic
a-amylase, that is active on both soluble and insoluble starches!®l. Pancreatic
a-amylase also binds to retrograded starches, causing inhibition of the catalytic
activity'®. Pancreatic a-amylase does not contain CBMs, but contains
SBSsl136-1381 that, depending on the SBS, were shown to interact with glycogen,
amylose, pullulan’®! and raw starch!’3¥. The brush-border enzymes
maltase-glucoamylase and sucrase-isomaltase are exo-acting enzymes, but differ
in their specificity!'l with maltase, gluco-amylase and sucrase being active on
a-1,4 linked chains, whereas isomaltase is mostly active on the «-1,6 linked
branch point. The four brush-border enzymes are not only hydrolysing
maltodextrins released by pancreatic a-amylase to glucose, but were also shown
to hydrolyse cooked maize starch, whereas limited activity was found on native
maize starchl40l,

Previously, it has been shown that certain bacteria increase in relative abundance
when subjects consume a diet high in resistant starch. These bacteria are likely
involved in either degradation of the resistant starch directly or they benefit
from released soluble sugars or metabolites via cross-feeding!'4!l. Soluble starch
can be degraded by many different gut microbes, whereas the ability to degrade
insoluble starch is more limited!'# 143l. Known starch-degrading gut microbes
include e.g. bifidobacterial’¥, Ruminococcus bromiil'*3l and Agathobacter rectalis
[Eubacterium rectale]#5], but also Bacteroides thetaiotaomicron is described as a
starch-degrader.

Bacteroidetes, such as Bacteroides and Prevotella, are Gram-negative bacteria that
are known for their ability to degrade a broad variety of carbohydrates and are
highly present within the adult gut microbiome. These bacteria possess gene
clusters called polysaccharide utilization loci (PULs), that encode glycoside
hydrolases, glycan-binding proteins and TonB-dependent transporters('4l.
B. thetaiotaomicron is a well-studied microbe that is able to hydrolyse and ferment
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an enormous collection of different polysaccharides!'¥’], as illustrated by the
presence of 283 glycoside hydrolases among 68 different GH families for e.g.
B. thetaiotaomicron DSM2079 (Figure 1.4). Starch-utilization system (Sus)-like
multiprotein complexes, present in Bacteroidetes, bind and partially degrade
substrates prior to their transport in the periplasm, where final degradation
occursl#6l. B. thetaiotaomicron harbours some starch-active hydrolases in its
genome and has been shown to hydrolyse soluble starch, whereas it was unable
to degrade insoluble starch!'4l,

Bifidobacteria, belonging to the Actinobacteria phylum, are known to hydrolyse
human-milk oligosaccharides!*s] and galacto-oligosaccharides!'*! in the infant
gut, but are also known for their quite broad substrate specificity. Some
bifidobacteria, such as B. breve, B. pseudolongum, B. infantis, B. dentium,
B. pseudolongum subsp. globosum and B. thermophilum can hydrolyse starch,
amylopectin and pullulan, and secrete extracellular enzymes in the growth
medium!4. Bifidobacterium adolescentis is present for 1-2 % within the adult gut
microbiomel' and was shown to increase in relative abundance after
consumption of a diet containing resistant starch!'%7l. Many B. adolescentis strains
encode GH13 enzymes and can grow on soluble starch or a-glucans like pullulan
or small malto-oligosaccharides!'s!, whereas only a few strains, such as
B. adolescentis P2P3 and B. adolescentis 12-32 are able to degrade resistant
starchl143 1521, Such B. adolescentis strains were shown to possess many GH13
enzymes in their genome (Figure 1.4) (17 out of 51 GHsl*4), together with CBMS
like CBM25, 26, 41, 48 and 74 that are associated with insoluble starch
bindingl1331.

Bacteroides Bifidobacterium Ruminococcus Agathobacter
thetaiotaomicron adolescentis bromii rectalis

9 Iy, “‘l

\Y /2

-
-. 14 CBMs

e
’.lll

‘ 12 CBMs ’

. Starch-related . Non-starch related

Figure 1.4. Glycoside hydrolases (GHs, outer ring) and carbohydrate binding modules (CBMs, inner
ring), encoded in the genomes of B. thetaiotaomicron DSM2079, B. adolescentis P2P3, R. bromii L2-63,
A. rectalis [Eubacterium rectale] DSM17629144. GH-enzymes and CBMs being starch-related and being
non-starch related are indicated.
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Ruminococcus bromii, belonging to the Firmicutes phylum, is a well-known
starch-degrading gut microbel and considered a real starch-degrading
specialist as illustrated by encoding only 21 glycoside hydrolases of which 16 are
starch-degrading enzymes (15 GH13 and 1 GH77) in strain L2-63 (Figure 1.4,
CAZy databasel*!l). R. bromii produces a multi-protein complex consisting of
different amylases and starch-binding proteins (so-called amylosome)53!
enabling it to fully hydrolyse insoluble starches to glucose and maltosel'43l. The
exact starch-degrading machinery of R. bromii is not fully understood yet, but it
is known that e.g. R. bromii L2-63 encodes 3 CBMs 26, 6 CBMs 48 and 1 CBM74
(CAZy databasel*4l), associated with insoluble starch binding!'33 154,

Agathobacter rectalis [Eubacterium rectale] and some Roseburia species, belonging
to the Firmicutes phylum, are starch-degradingl!!s 15 1561 and butyrate
producing!’s”l gut microbes, abundantly present in the adult gut!’®l. A. rectalis
possesses one extracellular a-amylase with five CBMs (CBM82, CBM26, CBM26,
CBM41 and CBMS83) encoded on the same protein!'®®! that have been shown to
bind to raw maize, but only minor to raw potato starch!'®l. A. rectalis can degrade
and ferment soluble starch, but has limited capacity to degrade insoluble
starches directly. A. rectalis benefits from insoluble starch degradation by
R. bromii when incubated together!'®], which might result in enhanced butyrate
production as observed when both R. bromii and A. rectalis increased in relative
abundance in individuals consuming raw potato starch!7l.
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6. Thesis outline

In almost all studies published before 2018, i.e., the starting period of this project,
commercial ingredients like Novelose® 330 or C*Actistar™ were used in
fermentation studies to investigate the prebiotic potential of RS-3. Although the
effect of RS-3 physico-chemical properties on in vitro digestibility became more
clear in the recent decade, and highly resistant RS-3 ingredients (> 85 % RSI¢0l)
were prepared, the prebiotic potential of such ingredients still requires
investigation. Furthermore, previous research investigated the effect of Mw
and/or crystal type, together with other thermal treatments for increasing the
proportion of RS within RS-3 ingredients. The effect of Mw distribution of the
a-1,4 glucans crystallized into RS-3 preparations on in vitro digestion and
fermentation has not yet been discovered. In Chapter 2, we describe how «a-1,4
glucan chain length, Mw distribution and crystal type of RS-3 preparations affect
in vitro digestibility. For this purpose, we crystallized a-1,4 glucans of different
chain length and Mw distribution, obtained by debranching waxy starches of
different (modified) botanical sources or enzymatic synthesis, into RS-3
preparations with an A- or B-type polymorph. Some of these RS-3 preparations
were highly resistant to digestion and were fermentable in vitro using pooled
adult faecal inoculum as described in Chapter 3. Other RS-3 preparations as
described in Chapter 2, contained a larger fraction of digestible starch and were
subjected to fermentation to address the need for pre-digestion when studying
the fermentability of RS-3 preparations in vitro (Chapter 4). To investigate if
(highly resistant) RS-3 preparations were potential prebiotics for piglets, we also
incubated selected substrates with pre- and post-weaning piglet faecal
microbiota of which the results are described in Chapter 5. Since we found that
highly resistant RS-3 preparations were difficult to degrade by most inocula
(Chapter 3-5), we investigated the fermentability of these highly resistant RS-3
preparations using mono-cultures of well-known RS-degraders B. adolescentis
and R. bromii (Chapter 6). Finally, in Chapter 7, the results obtained in this
research are discussed and compared to recent literature. Furthermore, some
additional findings are presented and future perspectives regarding the
prebiotic potential of highly resistant RS-3 are discussed.
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Abstract

Resistant starch type 3 (RS-3) holds great potential as a prebiotic by supporting
gut microbiota following intestinal digestion. However the factors influencing
the digestibility of RS-3 are largely unknown. This research aims to reveal how
crystal type and molecular weight (distribution) of RS-3 influence its resistance.
Narrow and polydisperse a-glucans of degree of polymerization (DPn) 14 — 76,
either obtained by enzymatic synthesis or debranching amylopectins from
different sources, were crystallized in 12 different A- or B-type crystals and
in vitro digested. Crystal type had the largest influence on resistance to digestion
(A >>> B), followed by molecular weight (Mw) (high DPn >> low DPn) and
Mw distribution (narrow disperse > polydisperse). B-type crystals escaping
digestion changed in Mw and Mw distribution compared to that in the original
B-type crystals, whereas A-type crystals were unchanged. This indicates that
pancreatic a-amylase binds and acts differently to A- or B-type RS-3 crystals.
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In vitro digestion of resistant starch type 3 preparations

1. Introduction

Resistant starch (RS) is starch that resists digestion in the small intestine by
human digestive enzymes and therefore ends up in the colon. In the colon RS
will be fermented and may even act as a prebiotic by positively influencing
beneficial gut microbiotal-3l. Recently, it was shown that RS also may directly
interact with the immune system to activate several immune responsesl* 5. Five
different types of RS exist: physically inaccessible starch (RS-1), native starch
granules (RS-2), retrograded starch (RS-3), chemically modified starch (RS-4)
and amylose-lipid complexes (RS-5)1 6l. RS-3 is of interest as food ingredient
since it is thermally stablel”) and can easily be added to foods as dietary fibre.
RS-3 preparations can be made by debranching amylopectins to short chain
a-glucans followed by controlled crystallization!®l. However, to be able to act as
dietary fibre, RS-3 preparations should be resistant to enzymatic digestion in the
small intestine. Recently, it was suggested that RS-3 may be resistant to digestion
due to slow enzyme binding of pancreatic a-amylase to the RS-3 crystals in
combination with slow catalytic hydrolysisl’. However, it is not yet clear which
physicochemical characteristics of RS-3 cause the resistance to digestion.
Differences in digestibility of RS-3 preparations might be caused by
characteristics like crystal type and molecular weight (distribution) of the
crystallized a-glucans.

Resistant starch type3 (RS-3) preparations or so-called short chain
o-glucan crystals can be produced by gelatinizing starch at elevated
temperatures followed by slow cooling, which results in recrystallization of the
starch. The crystals formed by recrystallization can be recognized as A-type or
B-type, as measured by X-ray diffraction!®-12l . Whether A- or B-type crystals are
formed depends on the chain length of the a-glucan, the concentration during
crystallization and temperature of crystallization(!® 13151, In addition, RS-3
preparations differing in crystal type can be formed using different solvents like
acetone, ethanol or polyethylene glycoll’e-18l. In vitro, native A-type starches are
easier to digest compared to native B-type starches!'’l. In contrast, research on
digestibility of retrograded short chain a-glucans has shown that retrograded
A-type crystals are more resistant to digestion than retrograded
B-type crystals!® 201,

In addition to crystal type, average molecular weight also affects resistance to
digestion of RS-3 preparations. Most research on RS-3 is performed by
crystallization of debranched amylopectins resulting in a wide range of short
chain linear a-1,4 linked glucans!® 1. By choosing waxy starches of different
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botanical sources, variations in average chain length (DPn) can be achieved after
debranching!?!l. For example, debranched waxy maize starch has a DPn of 24,
waxy wheat of DPn 22 and waxy potato of DPn 32[2!l. In addition, starches can
be modified by branching enzymes or by amylomaltases, due to which
amylopectins are produced that have very short chains or elongated chains,
respectively?2. After digestion of RS-3 preparations made of debranched
amylopectins of different botanical sources, it was found that a higher DPn
resulted in more resistance to digestion/?l.

However, it is largely unknown how molecular weight distribution influences
the resistance to digestion of RS-3 preparations. Such a broad range of
a-1,4 glucans can be obtained by debranching amylopectins, as shown for
waxy wheat amylopectin resulting in chain lengths of DPn 6 - 66 with an
average of DPn 22211, When such a polydisperse mixture is crystallized and
subjected to digestion, it is not yet clear how the presence of different chain
lengths influences the crystal formation and resistance to digestion. Previously,
the effect of polydispersity on digestion was studied by debranching waxy and
native rice starch. Debranching waxy rice starch results in a-glucan chains with
a DPn varying from 6 — 90, whereas debranching native rice starch also includes
the linear amylose part, which has a DPn up to 100011 It was shown that crystals
produced from relatively narrow disperse debranched waxy rice starch are 10 %
more resistant to digestion than crystals produced from polydisperse
debranched native rice starch!??l. Another study focussed on the fractionation of
debranched waxy rice starch (polydispersity index (PI) 2.2)24. This fractionation
caused narrowing of the molecular weight distribution to a PI of 1.5 at most.
After crystallization and digestion, it was shown that these crystals made of
relatively narrow disperse a-glucans were 10 — 20 % more resistant to digestion
compared to the wunfractionated polydisperse crystalsi?4. However, the
polydispersity index of before mentioned debranched and fractionated starches
is still relatively high, making it hard to draw conclusions on the influence of
polydispersity on crystal formation and subsequent digestibility.

In contrast to polydisperse a-1,4 glucans obtained by debranching amylopectins,
narrow disperse amyloses can be enzymatically synthesized by potato glucan
phosphorylase from glucose-1-phosphate (G-1-P)l'7.2527l.  Potato glucan
phosphorylase uses glucose-1-phosphate as a substrate and transfers the glucose
residue to a primer molecule, being maltotetraose or an a-1,4 linked oligomer of
DP > 41281, The ratio between the glucose-1-phosphate and primer molecule
determines the DPn at the end of the enzymatic synthesis. By choosing the right
ratio, narrow disperse equivalents of debranched amylopectins can be
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synthesized that have a similar average molecular weight (Mw) but a lower
polydispersity index. However, glucose-1-phosphate as substrate is quite
expensive. As an alternative, the combination of sucrose and sucrose
phosphorylase can be used to produce glucose-1-phosphatel?®. 3. Using sucrose
as substrate also has shown to improve the yield of synthesis, compared to using
glucose-1-phosphate directlyl?sl.

The present study focusses on the effect of crystal type, Mw and Mw distribution
on the resistance to digestion of RS-3 preparations. Different resistant starches
were produced by debranching amylopectins (polydisperse) or through
synthesis with the help of potato glucan phosphorylase and sucrose
phosphorylase (narrow disperse). The ratio of G-1-P and sucrose was chosen to
obtain a-1,4 linked glucans with a similar average number molecular weight
(Mwn) as the debranched amylopectins, but with a lower polydispersity index.
The linear a-glucans were crystallized at different concentrations and
temperatures to obtain A- and B-type crystals. These RS-3 preparations were
digested to study the effect of crystal type, average Mw and Mw distribution on
the resistance to digestion.

2. Materials and methods

2.1. Materials

Waxy potato starch (Elianel00), amylomaltase modified potato starch (Etenia
457) and highly branched starch of potato (Mw +* 100 kDa, 8 % branch points)
were provided by AVEBE (Veendam, The Netherlands). Waxy rice starch
(Remyline XS) was purchased from Beneo (Mannheim, Germany). Isoamylase
(EC 3.2.1.68) and maltotetraose were obtained from Megazyme (Bray, Wicklow,
Ireland). Sucrose, glucose, maltose, maltotriose, pancreatin, amyloglucosidase,
LennoxB  (LB) medium, kanamycin sulphate, isopropyl (-D-1-
thiogalactopyranoside, glucose-1-phosphate potassium salt and imidazole of
high purity were obtained from Sigma-Aldrich (St. Louis, MO, USA). Bugbuster
(Novagen) and benzonase nuclease were purchased from Merck (Darmstadt,
Germany). MilliQ (MQ) water was used unless stated otherwise (Arium mini
essential UV Ultrapure water filter, Sartorius, Gottingen, Germany).

2.2. Production of potato glucan phosphorylase and sucrose phosphorylase

The potato glucan phophorylase (PGP) (EC 2.4.1.1) and the Bifidobacterium
adolescentis sucrose phosphorylase (SP) (EC 2.4.1.7)31 were produced in
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Escherichia coli BL21 DE3 carrying the pET28a expression vector. The genes
encoding PGP and SP were codon optimized for expression in E. coli, synthesized
and cloned in pET28a by GenScript (Leiden, the Netherlands). The E. coli cells
containing the PGP plasmid were grown for 16 h at 37 °C in LB medium that
contained 25 pg/mL kanamycin while shaking at 200 rpm. The culture was
transferred to 500 mL LB broth that contained 25 pg/mL kanamycin and kept for
2-3 h at 37 °C, shaking at 200 rpm until ODs00=0.5-0.7. The culture was cooled
down on ice and 0.1 mM isopropyl 3-D-1-thiogalactopyranoside was added,
after which the culture was incubated for 24 h at 18 °C, 200 rpm. E. coli cells
containing the SP plasmid were grown similarly until the inducer was added. To
the SP culture of ODe00=0.5-0.7 0.4 mM isopropyl p-D-1-thiogalactopyranoside
was added and incubation was continued for 4 h at 30 °C, 200 rpm. Cells were
centrifuged for 10 min at 16,000 x g, 4 °C. The cell pellets were resuspended in
Bugbuster, causing lysis of the E. coli cells, and supplemented with
benzonase nuclease, according to the company protocol. The lysed cells were
centrifuged for 10 min at 16,000 x g, 4 °C. The supernatant was decanted and
stored for 30 min at 60 °C. This suspension was centrifuged and the supernatant
was filtered over an 0.2 um filter to obtain a sterile cell-free enzyme extract.
The enzymes were purified using a His-Tag purification column, according to
the company protocol (GE Healthcare Life Sciences, Amersham, United
Kingdom). Sample and washing buffer contained 20 mM imidazole and elution
of pure enzymes was performed with 800 mM imidazole. The final PGP or
SP concentration was determined by the Bradford protein assay!®2.

2.3. Production of polydisperse a-1,4 linked glucans

Highly branched potato starch (HBPS), waxy potato starch (WPS), amylomaltase
modified potato starch (AMPS) and waxy rice starch (WRS) were suspended in
a 20 mM sodium acetate buffer of pH 5 and autoclaved. The solutions were
cooled to 40 °C and isoamylase was added (8 U/g). The amylopectins were
debranched for 48 h at 40 °C, 100 rpm and freeze-dried to produce debranched
HBPS (dHBPS), WPS (dWPS), AMPS (dAMPS) and WRS (dWRS).

2.4. Enzymatic synthesis of narrow disperse a-1,4 linked glucans

For studying reaction dynamics of PGP and SP, sucrose and dHBPS were mixed
at 105 mM in a molar ratio of 20/1 in a 30 mM sodium phosphate buffer of pH 7.0.
His-tag purified PGP and SP were added (25 pg/mL) and the mixtures were
incubated at 50 °C, 100 rpm in a shaking incubator. After 0, 0.5, 1 and 4h a
50 uL sample was taken for chemical analysis (section 2.7) and heated for 15 min
at 100 °C to inactivate the enzymes. For further incubations sucrose and dHBPS
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were mixed at 105 mM in a molar ratio of 2/1, 5/1, 20/1 and 65/1 in a 30 mM
sodium phosphate buffer of pH7.0. His-tag purified PGP and SP were
added (6.25 pg/mL) and samples were incubated for 24 h at 50 °C, 100 rpm in a
shaking incubator. After 24 h of incubation, the remaining samples were freeze-
dried and washed with cold MQ and 80 % ethanol to remove salts, enzymes and
small sugars and freeze-dried again to yield purified sG2 (2/1), sG5 (5/1), sG20
(20/1) and sG65 (65/1).

2.5. Crystallization of poly- and narrow disperse a-1,4 linked glucans

Poly- and narrow disperse a-glucans of similar DPn were suspended in MQ in
different concentrations: dHBPS: 40 % w/w; sG2, dWRS and sG5: 30 % w/w;
dWPS and sG20: 10 % w/w; dAMPS and sG65: 5 % w/w. The suspensions were
autoclaved and stored at 80 °C prior to crystallization. Half of the dHBPS, sG2,
dWRS and sG5 samples were stored for 24 h at 50 °C to produce A-type crystals,
according to Cai & Shi (2014). The other half of dHBPS, sG2, dWRS and sG5 were
immediately cooled on ice and stored for 24 h at 4 °C to produce B-type crystals,
similar to the method proposed by Cai & Shi (2014). In addition, dWPS, sG20,
dAMPS and sG65 were also immediately cooled on ice and stored for
24 h at4 °C, to produce B-type crystals. After 24 h storage, the samples were
centrifuged for 10 min at 7000 x g, 4 °C and washed with cold MQ and 80 %
ethanol. The supernatants were decanted and pellets containing crystallized
a-1,4 linked glucans were dried for 48 h at 40 °C. Crystallization yield was
calculated as (total mass after crystallization) / (mass at start) * 100 %.

2.6. Digestion of RS-3 preparations

Digestion was performed according to Martens et al. with minor
modifications!’l. RS-3 preparations were suspended in 100 mM sodium acetate
buffer pH 5.9 at 20 mg/mL. Pancreatin solution was prepared according to
Martens et al. (2018), without addition of invertase. Samples were incubated for
0, 20, 60, 120 and 240 min and enzymes were inactivated by heat treatment for
15 min at 100 °C. After 360 min of incubation, the samples were centrifuged for
10 min at 19,000 x g, 4 °C and the enzymes in the supernatant were inactivated
by heat treatment for 15 min at 100 °C. The remaining pellet was washed twice
with MQ and oven-dried at 40 °C overnight. Free glucose content in the
heat-treated samples was measured with the GOPOD assay from Megazyme.
To study the effect of pancreatic a-amylase on the Mw distribution of dWRS-A
and dWRS-B crystals, a similar method was used as described before, with some
minor modifications. Pancreatin solution was prepared according to Martens et
al. (2018), without addition of invertase and amyloglucosidase. Samples were
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incubated for 0, 20, 60 and 360 min and immediately centrifuged for 10 min
at 19,000 x g, 4 °C. The pellets were washed twice with MQ and oven-dried
at 40 °C overnight. The supernatants were inactivated and analysed as described
before.

2.7. Molecular weight distribution of RS-3 preparations, before and after
digestion

RS-3 preparations of DPn <25 were suspended in MQ at 2.5 mg/mL and
dissolved by boiling. RS-3 preparations of DPn>32 were solubilised in
1 M NaOH at 60 mg/mL sample. The samples were diluted to 2.5 mg/mL and
neutralized by addition of 1 M HCI. Samples were centrifuged at 19,000 x g for
10 min and the supernatant was analysed with a Dionex Ultimate 3000 system
(Sunnyvale, USA). Ten pL sample was injected on a column set that consisted of
three in series connected TSKgel SuperAW columns (SuperAW4000 6.0 x 150
mm, 6 um; SuperAW3000 6.0 x 150 mm, 4 pm; SuperAW2500 6.0 x 150 mm, 4 um)
(Tosoh Bioscience, Tokyo, Japan) with a TSKgel guard column (SuperAW-L 4.6 x
35 mm, 7 um). Elution was performed with 0.6 mL/min and 0.2 M NaNOs3, at
55 °C. Detection was performed with a Shodex RI-101 detector (Showa Denko,
K.K., Kawasaki, Japan). Calibration of the column was performed with pullulan
standards (Supelco, Bellefonte, USA).

From the HPSEC-RI results, DPn, DPm and PI were calculated using pullulan
calibration. Intensities were normalized and base-line corrected, after which Mn
was calculated using formula 1. Mm was calculated using formula 2 and PI was
calculated by dividing Mm over Mn. The retention time frame of each peak was
taken into account to calculate Mn and Mm.

1. Mn = Y Mwy, I,
2. Mm = ZMWstin
Mn

In which Mn is the number based average Mw, whereas Mm is the mass based
average Mw, Mwp is the Mw based on pullulan calibration and In is the
normalised and base-line corrected intensity at retention time x.

Samples were diluted to 0.25 mg/mL and centrifuged at 19,000 x g for 10 min.
The supernatant was analysed using an ICS 3500 HPAEC system from Dionex,
in combination with a CarboPac PA-1 (2 x 250 mm) column, with a CarboPac
PA-1 guard column (Dionex). The detector used was an electrochemical Pulsed
Amperometric detector from Dionex. Ten pL of supernatant was injected on the
column and eluted by a gradient consisting of eluent A (0.1 M NaOH solution)
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and eluent B (1 M NaOAc in 0.1 M NaOH). The gradient used was 2.5 -40 % B
(0-50 min), 40-100 % B (50-65 min), 100 % B (65-70 min), 2.5 % B (70-85 min).
Elution was performed with 0.3 mL/min at 25°C. A calibration curve of
5-10 pg/mL of malto-oligosaccharides (DP 1 — DP 7) was run for quantification.
Data analysis was performed with Chromeleon™ 7.2.6 software from Thermo
Fisher Scientific (Waltham, Massachusetts, USA).

2.8. Crystal type determination by X-ray Diffraction

Wide angle X-ray scattering (WAXS) powder diffractograms of the
RS-3 preparations were measured on a Bruker Discover D8 diffractometer
(Bruker corporation, Billerica, Massachusetts, USA) using Cu radiation (1.54 A)
in the reflection geometry in the angular range of 5-352°0 with a step size of
0.051°20 and 1s per step in a rotating stage of 10 °/min. Detection was
performed with Lynxeye XE-T (Bruker corporation). XRD diffractograms were
background corrected and normalized.

2.9. Scanning Electron Microscopy of RS-3 preparations

Crystal morphology was determined with Scanning Electron Microscopy (SEM)
(Magellan 400, FEI, Eindhoven, The Netherlands) at the Wageningen Electron
Microscopy Center (WEMC). The RS-3 preparations were attached to sample
holders containing carbon adhesive tabs (EMS, Washington, USA) and coated
with 12 nm tungsten (EM SCD 500, Leica, Vienna, Austria). The crystals were
analysed with a field emission SEM at 2 kV and magnification of 10,000 times.

3. Results & Discussion

3.1. Production of narrow disperse a-glucans

Narrow disperse a-glucans were enzymatically synthesized by potato glucan
phosphorylase (PGP) and sucrose phosphorylase (SP) using debranched highly
branched potato starch (dHBPS) as primer molecule and sucrose as a substrate.
The synthesis was followed over time and analysed by HPAEC-PAD
(Figure 2.1). At t =0 min, the chromatogram shows several peaks which can be
identified as malto-oligomers of dHBPS and G-1-P formed after enzymatic
hydrolysis of sucrose by SP (Figure 2.1). The figure inset shows peaks that can
be identified as sucrose, fructose and glucose. Over time (t=30, t=60, t=240 min),
the sucrose was hydrolysed and fructose formed, showing activity of SP.
The PAD signal of G-1-P increased and decreased over time, whereas the
malto-oligomers of dHBPS were elongated up to at least DPn 40 over time,
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indicating PGP activity. Due to this shift in malto-oligomers towards higher DP’s
over time, it can be stated that PGP favoured to elongate the smallest
malto-oligomer present (DP > 4). Although literature states that based on the
polydispersity index, enzymatically synthesized a-glucans are narrow
disperse [17.28], this result shows that still a rather broad mixture of a-glucans was
formed after enzymatic synthesis.
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Figure 2.1. HPAEC elution pattern of the one-pot incubation of sucrose and
debranched HBPS (ratio 20/1) with potato glucan phosphorylase and sucrose phosphorylase during
240 min of incubation. Abbreviations used: Glc = glucose, Fru = fructose, Suc = sucrose,
G-1-P = glucose-1-phosphate, DP = degree of polymerization. The inset shows the first 12 min of the
chromatogram; a decrease of sucrose and an increase of fructose over time can be observed.

Sucrose and dHBPS were incubated at a ratio of 2/1, 5/1, 20/1 and 65/1 with PGP
and SP to synthesize a-glucans of DPn 14 (sG2), 18 (sG5), 32 (sG20) and 78
(sG65). The synthesis yields after 24 h of incubation were between 65 — 85 %.
The average Mw and polydispersity index (PI) of the synthesized and
purified a-glucans were analysed and calculated after size exclusion
chromatography (Table 2.1, Supplementary figure 2.1).
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Table 2.1. Average chain length (DPn) and polydispersity index (PI) of synthesized a-glucans
before and after purification after 24 h of one-pot incubation of sucrose and debranched HBPS in
different molar ratios with potato glucan phosphorylase and sucrose phosphorylase.

Sample Sucrose/dHBPS DPne2sn Ple2an DPnypurified Plpurified
name

sG2 2/1 139+0.1 1.40 +0.01 16.3+0.2 1.32 +0.01
sG5 5/1 159+0.1 1.33 +£0.01 182+0.3 1.25+0.01
sG20 20/1 29.1+0.3 1.20 £ 0.00 30.7+0.3 1.12+0.01
sG65 65/1 747 £0.3 1.06 +0.01 72.0+£0.3 1.08 +0.02

The results show that the Mw of the final a-glucan after enzymatic synthesis
increased with the sucrose/dHBPS ratio (Table2.1). The higher the
sucrose/dHBPS molar ratio, the more G-1-P was available for the reaction and
thus the higher Mw a-glucans were formed, as stated in literature previously!?sl.
The DPn at the end of the synthesis can be predicted by the choice of primer and
the ratio between substrate and primerl*3. The primer used in the present
experiment was dHBPS which has a DPn of 12. The DPn at the end of synthesis
can be calculated by:

DPn = [sucrose]/[dHBPS] + 12

As the table shows, this equation matched quite well with the results obtained.
It should be noted that dHBPS has a PI of 1.51 and thus is not a monodisperse
a-glucan by itself (Figure 2.1, t=0).

After synthesis, the a-glucans were purified to remove left-over sucrose, G-1-P,
salts, SP and PGP. The HPSEC profiles clearly show that some small
malto-oligomers were washed away during purification of sG2 and sG5
(Supplementary figure 2.2). Therefore, this purification step resulted in a lower
PI, with a slightly higher DPn in case of low Mw a-glucans (sG2, sG5) and a
similar DPn in case of higher Mw a-glucans (sG20, sG65).

In addition, the results show that the higher the Mw of the formed a-glucan, the
lower the PI found (Table 2.1; e.g. DPn 13.9, P1 1.40 vs DPn 74.7, P1 1.06). The PI
of the synthesized a-glucans is quite high, especially compared to literature that
showed PI < 1.071281 or PI < 1.17127l. However, both studies focused on synthesis
of high Mw amyloses of DP >> 75, due to which lower PI values were obtained.
In addition, both studies used the monodisperse primers maltotetraose 28] and
maltohexaosel?”l whereas the present study used a polydisperse debranched
amylopectin as primer molecule. A previous study using glycogen
phosphorylase for enzymatic synthesis was able to synthesize a-glucans of
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DPn 21 with a polydispersity index of 1.1, using maltopentaose as a primer
moleculel'”.

Although our purified narrow disperse a-glucans of DPn 16 and 18 were still not
fully monodisperse, it was decided that they were different enough from their
polydisperse equivalents and thus useful to study the effect of Mw distribution
on resistance to digestion in RS-3.

3.2. Crystallization of narrow- and polydisperse a-glucans

In order to produce RS-3 preparations differing in Mw, PI and crystal type, the
purified narrow disperse a-glucans were autoclaved and crystallized at 4 °C
or 50 °C, according to Cai & Shi (2014), aiming at B-type and A-type crystals,
respectively. Different types of debranched amylopectin were used as
polydisperse equivalents of narrow disperse synthesized sG2, sG5, sG20 and
sG65, namely: debranched highly branched potato starch (dHBPS), debranched
waxy rice starch (dAWRS), debranched potato starch (dWPS) and debranched
amylomaltase modified potato starch (dAMPS), respectively. Crystallization
was done similarly to the narrow disperse a-glucans. The a-glucans of DPn > 32
were only stored at 4 °C, since previous research showed that these always
crystallize in a B-type polymorph, irrespectively of crystallization temperaturel®l.
The crystal type of the a-glucans was determined and their Mw distribution was
analysed after solubilization in NaOH (Table 2.2). The crystallization yield was
calculated based on the recovery of crystallized molecules (Table 2.2).

Table 2.2. Crystal type, Mw and Mw distribution and crystallization yield of purified narrow and
polydisperse RS-3 preparations.

a-glucan Crystal DPnarystal Plerystar Crystallization yield
type (%)
sG2-A A 15.6+0.3 1.23+0.01 351
sG2-B B 152 +0.1 1.25+0.00 86 +0
dHBPS-A A 143 +0.1 1.33 +0.01 211
dHBPS-B B 14.0+0.1 1.35+0.00 45+3
sG5-A A 18.0+0.2 1.21 +0.01 60 +2
sG5-B B 18.0 0.0 1.21 +0.00 89 +2
dWRS-A A 21419 1.59 +0.01 63+2
dWRS-B B 21.9+05 1.50 +0.01 79+1
sG20-B B 31.6+0.3 1.14 +0.00 87+8
dWPS-B B 39.9+0.7 2.11+0.02 78 +10
sG65-B B 75.6+09 1.07 £0.00 97 +3
dAMPS-B B 53.0+23 1.67 +0.03 86 + 4

44



In vitro digestion of resistant starch type 3 preparations

The results from X-ray diffraction show that crystallization at 4 and 50 °C indeed
resulted in the desired crystal polymorphs (Table 2.2). Although differences in
relative intensity of the peaks were observed between the diffractograms of the
crystallized a-glucans, still clear A- and B-type polymorphism could be
recognized (Figure 2.2). Previously, in-depth studies were performed on
identification of A- and B-type peak positions of crystallized amylosel'> 171,
The XRD patterns of our crystallized a-glucans match the peak positions of
Nishiyama (2010), although differences in relative intensities were observed.
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Figure 2.2. XRD profiles of narrow and polydisperse RS-3 preparations.
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Debranching of amylopectins of selected sources followed by crystallization
resulted in crystals having similar Mw and crystal type compared to their
synthesized equivalents, but differing in polydispersity index. Despite large
differences in PI and Mw distribution (Supplementary figure 2.3), sG20-B and
dWPS-B had a comparable Mw and crystal type. The polydisperse equivalent of
sG65-B (dAAMPS) was found to have a much lower average Mw compared to
sG65-B (Table 2.2). Therefore, these samples cannot be used to study the effect
of PI on resistance to digestion.

Crystallization yield was found to be highly dependent on DPn and
crystallization temperature; at 50 °C much lower yields were obtained compared
to crystallization at 4°C for a-glucans of the same Mw (Table2.2,
A- vs B-type crystals). In addition, the lower the DPn, the lower crystallization
yields were found, although lower Mw a-glucans were crystallized at higher
concentrations (Table 2.2).

3.3. Morphology of narrow- and polydisperse RS-3 preparations

The RS-3 preparations were analysed on their morphology by scanning electron
microscopy (Figure 2.3). The images clearly show differences between A- and
B-type RS-3 crystals. The A-type RS-3 crystals seem to consist of very tiny
substructures that had been aggregated. The narrow disperse B-type
RS-3 crystals are regularly formed spherical particles, except for sample sG65-B.
sG65-B crystals seem to consist of smaller particles, compared to the other
narrow disperse B-type crystals. The polydisperse B-type crystals show very
different appearances: dHBPS-B looks like sG2-B, which can be explained by a
similar Mw and a relatively similar PI (Table 2.2). However, dWRS-B, dWPS-B
and dAMPS-B, which differ in Mw but all have a PI > 1.50 do not show a regular
structure and seem to be more amorphous, although a clear crystal type was
confirmed by XRD (Figure 2.3).
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Previously, studies were performed on crystallization of debranched
amylopectins/® 20l The SEM images of the debranched waxy maize starch
spherulites showed similar morphology as our narrow disperse B-type crystals
(Figure 2.3). In addition, Kiatponglarp et al. (2016) studied crystallization of
debranched native and waxy rice starches/?®l. These a-glucans all crystallized in
a B-type polymorph, but showed very different appearances. Their native rice
starch crystals showed a rough surface morphology, similar to our
sG65 crystals(?l. Also, Zeng et al. (2016) studied morphology of crystallized
a-glucans produced by different drying methods®4. Their air-dried debranched
waxy rice starch crystals greatly resembled our air-dried dWRS crystals. In
addition, narrow disperse a-glucans were previously crystallized to A- and
B-type crystals!”l. The B-type crystals that had similar Mw values compared to
the crystals in the current study had the same morphology as we observed.
However, the previously produced A-type crystals showed a much more
structured morphology, which can be explained by precipitation with acetonel!'”]
instead of self-assembly as in the present study. It should be noted that our study
focused on the retrogradation of a-glucans from aqueous environment,
mimicking resistant starch formation during cooking in a simplified way.

To summarize, 12 different RS-3 preparations were produced that differed in
crystal type (A/B), Mw (DPn = 15, 20, 32 and 75) and PI (< 1.25 or 21.35). These
RS-3 preparations were used to study the effect of crystal type, Mw and
Mw distribution on resistance to digestion.

3.4. Digestibility of narrow and polydisperse RS-3 preparations

In order to investigate the effect of crystal type, Mw and Mw distribution on the
resistance to digestion, the twelve narrow and polydisperse RS-3 preparations
were digested according to Englyst et al. and Martens et al.l' 3% (Figure 2.4).
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Figure 2.4. In vitro digestion profiles of narrow and polydisperse RS-3 preparations. A (DPn # 15):
dHBPS, sG2; B (DPn + 20): dWRS, sG5; C (DPn = 32): dWPS, sG20; D (DPn > 50): dAMPS, sG65.
Digestibility curves of dHBPS are from 5 individually produced samples, all others are from in
triplicate produced samples, all digested in duplicate.

3.4.1. RS-3 A-type crystals are more resistant to digestion than B-type crystals

Firstly, the results show that both dHBPS-A and dHBPS-B were digested
completely within 360 min and thus these RS-3 preparations cannot be
considered as RS-3, although being retrograded, insoluble and showing a clear
crystal type (Figure 2.4-A, Figure 2.2). However, the results do show that
dHBPS-A (DPn 14) was slower digested than dHBPS-B (DPn 14), indicating that
B-type crystals were easier digested than A-type crystals. Moreover, the narrow
disperse A-type crystals (sG2-A, DPn 15) were digested for 20 % during the first
60 min of digestion, whereas the narrow disperse B-type crystals (sG2-B, DPn 15)
were digested for 80 % (Figure 2.4-A). Slower digestion of A-type crystals
compared to B-type crystals was also observed for poly- and narrow disperse
A- and B-type RS-3 preparations of DPn 18-22 (Figure 4-B). Therefore, it can be
stated that A-type crystals were more resistant to digestion than B-type crystals,
comparing A- and B-type digestibility within one chain length. This aligns with
previous research showing that retrograded A-type crystals of similar chain
length were more resistant to digestion than B-type crystals!®l.
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3.4.2. RS-3 preparations of longer chain length a-glucans are more resistant to digestion
than that of shorter chain length, irrespectively of crystal type

The results also show that A-type crystals made of longer chain length a-glucans
were more resistant to digestion than A-type crystals made of shorter
chain length a-glucans (dHBPS-A vs dWRS-A, sG2-A vs sG5-A, Figure 2.4-A-B,
Table 2.3). In addition, polydisperse B-type crystals made of longer chain length
a-glucans were also more resistant to digestion than polydisperse
B-type crystals made of shorter chain length a-glucans (dHBPS-B, dWRS-B,
dWPS-B, dAMPS-B (Figure 2.4-A-D), Table 2.3). Moreover, narrow disperse B-
type crystals of longer DPn were also more resistant to digestion, although a
minor difference in final digestibility was observed between sG20-B and sG65-B
(sG2-B, sG5-B, sG20-B, sG65-B) (Figure 2.4, Table 2.3). Therefore, it can be stated
that RS-3 preparations made of longer chain length a-glucans were more
resistant to digestion, compared to RS-3 preparations made of shorter chain
length a-glucans, irrespectively of crystal type.

3.4.3. RS-3 preparations of narrow disperse a-glucans are slightly more resistant to
digestion than that of polydisperse a-glucans

Lastly, the results show that RS-3 preparations made of narrow disperse
a-glucans were more resistant to digestion than RS-3 preparations made of
polydisperse a-glucans, although no major differences were found for most
samples (Figure 2.4-A (dHBPS-B vs sG2-B), B, Table 2.3). A-type crystals with a
low PI and low Mw were found to be more resistant than their polydisperse
equivalent (AHBPS-A vs sG2-A or dWRS-A vs sG5-A, Table 2.3). Interestingly,
sG2-A was much more resistant to digestion than its polydisperse counterpart
dHBPS-A (23 vs 100 % digestible, respectively). This, although their Mw and PI
only differed slightly from each other (Table 2.2). We hypothesize that a lower
limit of DPn 15 is needed to remain connected to the A-type crystal during
enzymatic digestion. Because of this, the dHBPS-A crystal was 100 % digestible,
whereas the sG2-A crystal was only digestible for 23 % after 360 min.
B-type crystals with a low PI and DPn 32 (sG20-B) were much more resistant to
digestion than their polydisperse equivalents (dWPS-B), with a difference in PI
of 0.97 (Figure 2.4-C,Table 2.2). The morphology of these crystals was very
different, which might explain this difference (Figure 2.3). It can be stated that
narrow disperse crystals were slightly more resistant to digestion than
polydisperse crystals.
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3.5. Digestion affects Mw (distribution) of especially B-type RS-3 crystals that
remain after digestion

The RS-3 crystals that resist digestion in the small intestine will arrive in the
colon where they might be degraded and fermented by specific gut microbiota.
To examine whether these remaining RS-3 crystals had physically been changed
due to the attack of pancreatic a-amylase, the Mw and PI of the remaining
crystals that escaped digestion was analysed (Table 2.3).

Table 2.3. Molecular weight and polydispersity (changes) of RS-3 crystals remaining after 360 min
of in vitro digestion, together with total digestibility (%).

Sample Digestibility DPnerystal Plerystal ADPnerystal APlLerystal
name (%) (%) (%)
sG2-A 23+4 152+0.5 1.25+0.01 2.7 1.5
sG2-B 89+2 n.a. n.a. n.a. n.a.
dHBPS-A 100 % n.a. n.a. n.a. n.a.
dHBPS-B 100 % n.a. n.a. n.a. n.a.
sG5-A 13+3 17.0+0.8 1.22 +£0.01 -5.9 15
sG5-B 81+4 12.7+2.6 1.22+0.33 -41.9 1.1
dWRS-A 20+0 24.8 +0.3 1.53+0.01 13.7 -4.1
dWRS-B 91+3 185+1.2 1.43 +£0.06 -18.5 -4.5
sG20-B 3+1 309+0.5 1.09 £ 0.00 -2.5 -3.7
dWPS-B 33+4 41.8+15 2.01 £0.02 4.4 -4.7
sG65-B 8+1 685+1.2 1.10 £0.01 -10.1 2.6
dAMPS-B 12+2 50.0+0.8 1.69 +0.02 -6.2 14

The results show that for most remaining RS-3, digestion only had a minor effect
on the Mw and PI compared to the undigested crystalline a-glucans (sG2-A,
sG5-A, dWRS-A, sG20-B, dWPS-B) (Table 2.2, 2.3). This indicates that in most
digestions, pancreatic a-amylase hydrolysed some crystals completely, whereas
others were completely untouched. However, for some other samples a change
in Mw and PI can be observed (sG5-B, dWRS-B, sG65-B). sG5-B crystals
decreased in Mw, whereas their PI remained similar after digestion.
This indicates that for sG5-B, all crystals were hydrolysed to a certain extent,
without a preference for either longer or shorter a-glucans within the crystal.
Furthermore, dWRS-B crystals decreased in both Mw and in PI, which indicates
that all crystals were hydrolysed to a certain extent and interestingly, pancreatic
a-amylase caused narrowing of the PI. In contrast, sG65-B crystals also
decreased in average Mw but increased slightly in PI. This indicates that
pancreatic a-amylase hydrolysed some a-glucans within the sG65-B crystals to
a certain extent. Probably, the hydrolysed a-glucan remained connected to the
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insoluble sG65-B crystal, thereby limiting further hydrolysis and therefore
increasing the PI.

To understand how the digestion of dWRS A- and B-type crystals occurred, the
digestion was monitored in time and remaining crystals that escaped digestion
were analysed on Mw distribution (Figure 2.5).
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Figure 2.5. HPSEC profile of A: remaining dWRS-A and B: remaining dWRS-B crystals after 0, 20,
60 and 360 min of digestion.

The results show that A-type crystals did not change in Mw over time. Therefore,
we state that the crystals were digested in a crystal-by-crystal manner:
some crystals were hydrolysed completely, whereas others were untouched.
However, dWRS-B type crystals changed in Mw due to digestion: the crystals
consisted of a bimodal distribution at t = 0, which changed slowly over time to a
normal distribution after 6 h of digestion (Figure 2.5).

Although activity of pancreatic a-amylase was studied extensively from a
biochemistry point of view in the past, not much research is performed on the
activity of pancreatic a-amylase on insoluble substrates and even less literature
can be found on activity of pancreatic a-amylase on RS-3. Previously, it was
revealed that human pancreatic a-amylase has two starch surface binding sites:
one that binds to soluble starch molecules and another that binds to insoluble
starch granulesl®l. Whether this starch surface binding site is also able to bind
insoluble RS-3, is still unknown.

Our research and that of others has shown that retrograded A-type crystals were
more resistant to digestion than retrograded B-type crystalsi®l. As proposed by
Dhital et al. (2017), digestion of retrograded starches is probably limited due to
a combination of slow enzyme binding to the surface of the substrate and slow
catalysis in the active sitel?). Retrograded A-type crystals have a much denser
structure, containing less water molecules than B-type crystals!’®l. Due to this
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dense structure, it might be that A-type crystals are not recognized by the surface
binding sites of the enzyme. In addition, due to this dense structure, it seems
likely that A-type crystals get much harder into solution compared to
B-type crystals, therefore limiting enzymatic hydrolysis. Our results also show
that digestion of A-type crystals reached a certain plateau value after 120 min
(Figure 2.4). Since we have observed that this plateau value is reached after
120 min of digestion and no change in Mw was found due to digestion, we
propose that although the crystals were bound to the surface binding site, the
retrograded A-type crystals are resistant to digestion due to limited catalytic
activity by the enzyme; the catalytic centre of pancreatic a-amylase was unable
to hydrolyse further, probably due to the dense structure of A-type crystals.

In case of B-type crystals that have a high PI, we propose that the limited
digestion is related to the slow binding to the surface binding site of the enzyme
rather than the catalytic activity of the enzyme, since we did not reach plateau
values at 120 or even after 360 min of digestion (Figure 2.4). Narrow disperse
B-type crystals were shown to be more resistant to digestion compared to
polydisperse B-type crystals (Figure 2.4, Table 2.3). Because of the low PI it
seems likely that crystallization of narrow disperse a-glucans resulted in more
perfect crystals, compared to polydisperse a-glucans (Figure 2.3). Consequently,
narrow disperse a-glucans within the crystal are less likely to go into solution
and are less hydrolysed, compared to crystals made of polydisperse a-glucans.
Narrow disperse B-type crystals of DPn > 32 were shown to be very resistant to
digestion (Figure 2.4). Whereas sG65-B (DPn 75) did not reach a plateau value
after 360 min of digestion, sG20-B (DPn 32) did. Therefore, based on our results
we cannot conclude whether resistance to digestion of narrow disperse
B-type crystals is more related to limited binding to the surface binding site of
the enzyme or to limited catalytic activity in the active site of the enzyme.
Furthermore, our results have shown that RS-3 preparations produced from low
Mw a-glucans (DPn <14) cannot be considered RS, since they were fully
digested within 120 min, although insoluble. Unfortunately, we were not able to
confirm our hypotheses on differences in digestibility mechanism by pancreatic
a-amylase by SEM on these digested samples without major sample
pre-treatment that might influence the outcome. However, previous research by
others has not shown major differences in morphology of the a-glucan crystals
due to enzymatic digestion!®”l.

Our research is the first that used enzymatic synthesis from sucrose for the
production of RS-3 with defined and narrow distributed chain length. Twelve
unique RS-3 preparations were produced of which half were enzymatically
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synthesized and narrow disperse. The other six RS-3 preparations were
produced by debranching amylopectins of different botanical sources to obtain
polydisperse equivalents of similar average Mw compared to the
narrow disperse a-glucans. From these twelve samples, four A-type crystals and
eight B-type crystals were produced. Because of this relatively large number of
unique samples, we were able to study the effect of crystal type, Mw and Mw
distribution on digestibility. Our rather unique approach allowed us to study for
the first time the structural properties of the RS-3 crystals that escaped enzymatic
hydrolysis by pancreatic a-amylase. Rather than only analysing the released
glucose after in vitro digestion, we also analysed the remaining RS-3 crystals on
Mw distribution. This makes it possible to not only predict the amount of RS-3
that enters the colon, but also to understand the substrate for beneficial gut
microbes in the colon. Our results suggest that pre-digestion experiments of
B-type crystals are of importance before studying the degradation and utilisation
of B-type RS-3 by gut microbiota, whereas pre-digestion is hardly of any value
when exploring fermentability of A-type crystals.

4. Conclusions

Our study is the first to investigate the role of crystal type, Mw and
Mw distribution on the resistance to digestion of RS-3 preparations on both
released glucose after in vitro digestion and on the crystals that escaped
digestion. It has been found that A-type crystals are much more resistant to
digestion than B-type crystals, potentially caused by a reduced catalytic activity
of pancreatic a-amylase towards A-type crystals. A-type crystals are digested in
a crystal-by-crystal manner and therefore the Mw and Mw distribution of the
remaining A-type crystals does not change. Resistance to digestion of
B-type crystals is potentially caused by limited binding to the surface binding
site of pancreatic a-amylase. In contrast to remaining A-type crystals, remaining
B-type crystals change in Mw and/or PI which might be due to
surface-hydrolysis by pancreatic a-amylase. Narrow disperse RS-3 preparations
are slightly more resistant to digestion than polydisperse ones and crystals made
of higher DPn a-glucans are more resistant than that of lower DPn a-glucans,
irrespectively of crystal type. In addition, RS-3 preparations of DPn < 14 cannot
be considered RS, since they are 100 % digestible by pancreatic a-amylase,
although insoluble. This study can help to design RS-3 preparations with a
preferred degree of digestibility.
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Supplementary figure 2.1. HPSEC elution profiles of purified enzymatically synthesized a-glucans
sG65, sG20, sG5 and sG2 together with acceptor dHBPS.
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Chapter 3

Abstract

Resistant starch (RS) results in relatively high health-beneficial butyrate levels
upon fermentation by gut microbiota. We studied how physico-chemical
characteristics of RS-3 influenced butyrate production during fermentation.
Six highly resistant RS-3 substrates (intrinsic RS-3, 80-95 % RS) differing in chain
length (DPn 16 - 76), Mw distribution (PI) and crystal type (A/B) were fermented
in vitro by pooled adult faecal inoculum. All intrinsic RS-3 substrates were
fermented to relatively high butyrate levels (acetate / butyrate < 2.5), but
especially fermentation of A-type RS-3 prepared from polydisperse «-1,4
glucans resulted in the highest relative butyrate amount produced (acetate /
butyrate: 1). Analysis of the microbiota composition after fermentation revealed
that intrinsic RS-3 stimulated primarily Lachnospiraceae, Bifidobacterium and
Ruminococcus, but the relative abundances of these taxa differed slightly
depending on the RS-3 physico-chemical characteristics. Especially intrinsic RS-3
of narrow disperse Mw distribution stimulated relatively more Ruminococcus.
Selected RS fractions (polydisperse Mw distribution) obtained after
pre-digestion were fermented to acetate and butyrate (ratio <1.8) and stimulated
Lachnospiraceae and Bifidobacterium. This study indicates that especially
Mw distribution of RS-3 influences butyrate production and microbiota
composition during RS-3 fermentation.

Intrinsic RS-3

- Butyrate B Or
In vitro ) Y
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1. Introduction

Butyrate is a short-chain fatty acid (SCFA) that is among others essential for
health by providing energy to colonocytes(ll. In addition, butyrate has been
associated with modulation of immune and inflammatory responses,
stimulation of intestinal barrier function and with prevention of colorectal
cancer!?®l. To increase butyrate production in the colon and promote a healthy
colonic environment, resistant starch (RS) could be a promising fibre to be
included in the diet. RS is defined as starch that escapes digestion and arrives in
the colon, where it will be fermented by colonic bacteria to SCFAs like acetate,
propionate and butyrate. Compared to other dietary fibres, RS is known to be
fermented to high amounts of butyrate by gut microbiotal” 8l. Five different types
of RS exist, of which type 1 and 2 are native starch forms that can be found in
plants, type 3 is retrograded starch, produced after gelatinization and cooling of
starch, type 4 is chemically modified starch and type 5 comprises the amylose-
lipid complexesl®. The fermentability of these 5 types of RS by gut microbiota
differs immensely, both between RS types as within an RS typel'0-14. Among the
different types of RS, resistant starch type 3 is of interest for its thermal stability
and applicability as food ingredient!'s.

Fermentation of resistant starch has been associated with increased levels of
Bifidobacterium, Ruminococcus and genera often associated with butyrate
production such as Eubacterium, Faecalibacterium and Roseburial'®l. It has been
shown that Bifidobacterium adolescentis and Ruminococcus bromii are the species
that are mostly responsible for primary degradation of RS, since they express
many a-amylases and carbohydrate binding modules (CBMs) that are associated
with degradation of insoluble starchesl!” 18l. Both R. bromii and B. adolescentis do
not produce butyrate themselves!'® 201, but cross-feed with butyrate producing
bacteria like Agathobacter rectalis (previously known as Eubacterium rectale),
Faecalibacterium prausnitzii and Roseburia faecis?!l, that use acetate, alone or in
combination with lactate, as energy sources resulting in the production of
butyrate. This cross-feeding results in an efficient degradation of RSI'Sl and a
relatively high production of butyratel?2l.

Resistant starch type 3 (RS-3) can be produced by gelatinizing starch followed
by retrogradation and is commercially produced from high-amylose starch!?! or
long-chain maltodextrin obtained after partial enzymatic debranching of
tapioca starch?!l. RS-3 can also be produced by controlled crystallization of
debranched amylopectins at specific temperatures to result in either A- or B-type
crystalsl?s 201, However, debranching amylopectins results in a-glucans with a
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quite broad Mw distribution (polydispersity index (PI)>1.3)2¢l. A controlled
chain length of a-1,4 glucans can be achieved by the use of synthesizing
enzymesl?* 271, resulting in a-1,4 glucans with a more narrow Mw distribution
(PI<1.3). Recently, twelve unique RS-3 preparations differing in Mw, Mw
distribution and crystal type were produced, obtained by crystallization of either
debranched amylopectins or enzymatically synthesized «-1,4 glucansl?l.
Pancreatic digestion of these twelve RS-3 preparations revealed that especially
long chain B-type crystals (DPn 32 - 75) and short-chain A-type crystals
(DPn 15 - 22) are resistant to digestion by pancreatic a-amylase, with 80 — 95 %
of the starch expected to reach the colon!?¢l. Since these specific RS-3 preparations
do only contain a minor fraction of digestible starch, they are considered as
“intrinsic RS” and are quite different from commercial RS-3 ingredients like
Novelose® 330 and C*Actistar, that contain up to 50 % RSI'%, and thereby should
better be referred to as “RS-rich”.

Not many studies focussed on the fermentability of RS-3 in vitro and in vivo. Only
few studies used commercial RS-rich RS-3 ingredients!’® 281, used RS-3
preparations from debranched starches produced in a laboratorial setting(! 29-31],
or produced RS-3 rich starches from raw potatoes!’. All these studies thus used
RS-3 preparations made of a-glucans with a polydisperse Mw distribution.
These studies mentioned the production of SCFAs and changes in microbiota
composition during in vitro fermentation, but did not include a quantitative
analysis on the starch consumption by the gut microbiota. An in wvitro
fermentation study incorporating RS-3 structures with a defined crystal type,
Mw and especially Mw distribution is still lacking, but needed to understand
which chemical features are responsible for distinct SCFA production by the gut
microbiota.

We investigated how RS-3 is fermented by gut microbiota of healthy adults and
which RS-3 physico-chemical characteristics influence butyrate production in
the colon. To study the butyrogenic potential of novel and well-characterized
RS-3 preparations!??, six intrinsic RS-3 substrates and two RS-fractions obtained
after pre-digestion of selected RS-3 preparations were fermented in vitro by an
inoculum consisting of a pool of four adult faecal samples. A new sampling
method for insoluble fibres was developed to enable to quantification of the
remaining soluble and insoluble starch during fermentation. Starch degradation,
SCFA production and microbiota composition were determined during in vitro
fermentation. Additionally, the change in morphology of RS-3 particles due to
fermentation was analysed over time using scanning electron microscopy.

64



In vitrofermentation of resistant starch type 3

2. Materials and methods

2.1. Materials

Medium components used for the in vitro fermentation and dialysate solution
containing 25 g/L KaHPO4-3H20, 45 g/L NaCl, 0.05 g/L FeSO+7H20 and 0.5 g/L
ox-bile were obtained from Tritium Microbiologie (Eindhoven, The
Netherlands). L-cysteine-hydrochloride, 2-(N-morpholino)ethanesulfonic acid,
soluble potato starch and porcine pancreatin were obtained from Sigma-Aldrich
(St. Louis, Missouri, USA).

2.1.1. RS-3 preparations

RS-3 preparations were prepared by crystallizing «a-1,4 glucans obtained by
either debranched (enzymatically modified) amylopectins or enzymatic
synthesis as described in Chapter 226 The (enzymatically modified)
amylopectins included waxy potato starch (WPS, Elianel100) and amylomaltase-
modified potato starch (AMPS, Etenia457) provided by AVEBE (Veendam, The
Netherlands) and waxy rice starch (WRS, Remyline XS) obtained from Beneo
(Mannheim, Germany). The specific physico-chemical characteristics and in vitro
digestibility of the obtained RS-3 preparations have been described in
Chapter 21201 and are presented in Table 3.1 in the Results section.

2.1.2. Faecal slurry

Faecal material of four healthy adults was collected, after signing a written
informed consent. Subjects were between 27 and 35 years old, had a BMI between
19 — 22 kg/m?, were non-smokers, did not have any health complaints, and did
not use antibiotics for over 6 months prior to collection. Faecal samples were
stored immediately in a sterile 50 mL container with filter screw cap (Greiner
Bio-One CELLSTAR™ tube, Kremsmiinster, Austria). The container was placed
inside a pouch with a BD GasPak EZ anaerobe gas generating system with
indicator (BD Diagnostics, Sparks, Maryland, USA) and stored at 4 °C for a
maximum of 24 h until processing. Pooled adult faecal slurry was prepared in
an anaerobic chamber (gas composition: 4 % Hz, 15 % COz, 81 % N3, Bactron 300,
Sheldon Manufacturing, Cornelius, Oregon, USA) by mixing equal aliquots of
fresh faeces with a pre-reduced dialysate-glycerol solution to 25 % w/v as
previously described[®?. The pre-reduced dialysate-glycerol solution contained
ten times diluted dialysate solution, 10 % glycerol, 0.5 mg/L resazurin, 0.4 g/L
L-cysteine-hydrochloride, supplemented with 0.45 g/L CaCl2-2H20 and 0.5 g/L
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MgSO4-7H20. The final faecal slurry was snap-frozen using liquid nitrogen and
stored at -80 °C prior to use.

2.2. In vitrobatch fermentation of RS-3 preparations

2.2.1. Culture medium

The culture medium was based on Simulated Ileal Efflux Medium (SIEM) as
described previously®! with minor modifications and is referred to as mSIEM.
The carbohydrate component, pre-mixed from Tritium Microbiologie, was ten
times lowered when compared to Minekus et al. (1999) and consisted of pectin,
xylan, arabinogalactan, amylopectin (all at 0.048 g/L) and soluble starch
(0.4 g/L). The protein component consisted of bactopeptone and casein (both
at3 g/L). Additionally, the medium contained 0.05 g/L ox-bile, 2.5 g/L
K:HPO4-3H20, 4.5 g/L NaCl, 0.45 g/L CaCl2-2H20, 0.005 g/L FeSO4+7H20 and
0.01 g/L haemin, 0.5 g/L MgSOs4, and 0.4 g/L L-cysteine-hydrochloride. A
vitamin mix was added with a final concentration of 1 pg/L menadione,
2 pg/L D-biotin, 0.5 pg/L vitamin B12, 10 pg/L D-pantothenate,
5 pg/L nicotinamide adenine dinucleotide, 5 pug/L aminobenzoic acid, 4 pg/L
thiamine HCI. The medium was buffered at pH 5.8 using 0.1 M MES buffer. The
medium was stored overnight in the anaerobic chamber with an opened lid to
remove head-space oxygen.

Culture medium containing soluble potato starch (mSIEM + SPS) was prepared
by dissolving 40 mg/mL SPS in sterile milliQ (MQ) water in a boiling water bath
for 10 min. After cooling, the solubilized SPS was mixed with concentrated
mSIEM to obtain a final concentration of 11.11 mg/mL SPS in mSIEM. The final
mSIEM + SPS medium was stored overnight in the anaerobic chamber with an
opened lid to remove head-space oxygen.

2.2.2. Pre-digestion of RS-3 preparations

Pre-digestion was performed based on methods as previously described by
Martens and colleagues!®¥, with 2 mg pancreatin per mg starch. In short, porcine
pancreatin solution was prepared by mixing 12 gram pancreatin (8 x USP
specifications (P7545), Sigma-Aldrich; enzyme was sufficient to theoretically
degrade digestible starch in less than 1 minute) in 80 mL MQ head-over-tail for
10 min, followed by centrifugation at 4 °C, 10,000 x g for 10 min. The supernatant
was collected and an aliquot of 48.8 mL of the supernatant was diluted with
11.2mL MQ to obtain pancreatin solution. Pancreatin solution (20 %),
0.5 M sodium acetate buffer pH59 (20%) and MQ were added to
RS-3 preparations P40-B, P21-A and P22-B to obtain a suspension of
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approximately 20 mg/mL in 100 mM sodium acetate buffer pH 5.912¢l
The suspension was incubated at 37 °C for 6 h in a shaking incubator at 100 rpm.
Afterwards, the suspension was centrifuged at 4 °C, 7000 x g for 10 min, and the
supernatant was decanted. The remaining pellet was washed 4 times with MQ
water, after which the pellet was dried at 40 °C for 48 h. The remaining material
was homogenized with a mortar to obtain pre-digested (pd) RS-3 starches
P40-B-pd, P21-A-pd and P22-B-pd. Within P40-B-pd and P21-A-pd + 23 and
+18 % of the total starch was digested, respectively, which was close to the
digestible starch fraction reported previously?¢. Within P22-B-pd + 47 % of the
total starch was digested, which was lower compared to digestible starch
fraction reported previously?], indicating that P22-B-pd might still contain a
fraction of digestible starch.

2.2.3. /n vitro batch fermentation

RS-3 preparations (+ 20 mg dry weight), either directly or after pre-digestion
(section 2.2.2.), were weighed in duplicate in sterile 5 mL serum bottles for each
individual sampling time. The weighed RS-3 preparations were stored overnight
in the anaerobic chamber.

In the anaerobic chamber, inoculum was prepared by diluting pooled adult
faecal slurry to 10 mg/mL faeces in mSIEM. An aliquot of 1.8 mL mSIEM was
added to the serum bottles containing RS-3 preparations and subsequently
0.2 mL inoculum was added. Serum bottles containing mSIEM + SPS were also
incubated with inoculum to obtain 10 mg/mL SPS with 1 mg/mL faeces. In
addition, substrate blanks (without inoculum) and medium blanks (including
mSIEM carbohydrates, without additional substrate) were included. All serum
bottles were capped with butyl rubber stoppers. In a first fermentation
experiment, intrinsic RS-3 substrates (N16-A, N18-A, P21-A, N32-B and N76-B)
were incubated at 37 °C, 100 rpm for 0, 24 and 48 h (section 3.2.). In a second
fermentation experiment, pre-digested RS-3 preparations (P22-B-pd and
P40-B-pd) and controls (N32-B and P21-A-pd) were incubated at 37 °C, 100 rpm
for 0, 8, 24, 36 and 48 h (section 3.3.).

To accurately quantify the degradation of insoluble (resistant) starches,
a dedicated sampling method was developed. At each time point, the serum
bottles were decapped and the insoluble RS-3 preparations were re-suspended.
Immediately, 1.8 mL was transferred to sterile weighed Safe-Lock Eppendorf
tubes (Eppendorf, Hamburg, Germany). These were subsequently centrifuged at
4 °C, 20,000 x g for 10 min and the supernatant was separated from the pellet.
The supernatant was heated to 100 °C in a Safe-Lock Eppendorf tube at 800 rpm
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for 10 min in an Eppendorf shaker (Eppendorf) and subsequently stored
at -20 °C for chemical analysis. In the case of N32-B, P21-A-pd, P22-B-pd and
P40-B-pd, an aliquot of 25 uL of the contents of the serum bottle containing some
remaining RS-3 particles was used for Scanning Electron Microscopy analyses
(section 2.6.). The remaining contents in the serum bottles were washed with
0.75 mL sterile MQ twice and added to the Eppendorf tube containing the pellet,
mixed and centrifuged once more (4 °C, 20,000 x g, 10 min). The second
supernatant was decanted and the Safe-Lock Eppendorf tubes containing the
pellet were snap-frozen with liquid nitrogen, stored at -80 °C and freeze-dried.
The times indicated in all figures are the inactivation times, except for t0; total
sampling time took around 2 - 3 h.

2.3. Total starch quantification of fermented RS-3 preparations

Starch was quantified in the fermentation supernatants and pellets using the
Megazyme Total Starch Kit (AA/AMG) (Megazyme, Wicklow, Ireland).
For analysis of glucose + soluble starch in the supernatant, company protocol f
was used, adjusted for smaller sample sizes. In short, the supernatant was
defrosted and 50 uL was taken in duplicate. To each sample 50 pL 200 mM
sodium acetate buffer pH 4.5 was added and incubated with 2 uL a-amylase
(2,500 U/mL on Ceralpha reagent at pH 5.0 and 40 °C, according to the company
protocol) and 2 uL amyloglucosidase (3,300 U/mL on soluble starch at pH 4.5
and 40 °C, according to the company protocol) at 50 °C for 30 min. The samples
were further diluted with 100 mM sodium acetate buffer pH 5 to reach a final
concentration of < 0.8 mg/mL glucose.

To determine the total starch content in the initial RS-3 preparations,
pre-digested RS-es and freeze-dried pellets after fermentation, approximately
500 ug sample was weighed in glass vials in duplicate using a microbalance
(Mettler Toledo XP6 Microbalance, Columbus, Ohio, USA).

For pre-digested substrates and RS-3 preparations having a chain length
>DPn 30, company protocol b was used, adjusted for smaller sample sizes.
In short, 6 uL cold 80 % EtOH was added to 500 pug material and mixed. Next,
60 pL cold 1.7 M NaOH was added and mixed for 10 seconds. The mixture was
stored on ice for 15min while mixing multiple times. Subsequently,
240 uL 600 mM sodium acetate buffer pH 3.8 was added and mixed. Freeze-
dried RS-3 preparations having a chain length < DPn 25 were hot-water soluble.
Therefore, to the weighed samples obtained from these RS-3 preparations,
300 uL 100 mM sodium acetate buffer pH 4.5 was added and heated in a boiling
water bath for 10 min to dissolve the starch. After dissolving the starch by either

68



In vitrofermentation of resistant starch type 3

1.7 M NaOH or by boiling, 250 uL was transferred to a new tube and
2 pL a-amylase (2,500 U/mL) and 2 uL amyloglucosidase (3,300 U/mL) were
added. The samples were incubated at 50 °C for 30 min in an Eppendorf shaker
(800 rpm) and 100 mM sodium acetate buffer pH 5 was added to obtain a final
concentration of < 0.8 mg/mL glucose.

Free glucose content was analysed with the GOPOD assay kit (Megazyme) using
microtiter plates. Briefly, 15 uL diluted sample was added to a 96-well-plate in
triplicate and 225 uL GOPOD reagents was added. A calibration curve of
0.1 - 0.8 mg/mL glucose was included in the analysis for quantification. The
96-well plates were incubated at 40 °C for 20 min and analysed with a Tecan
Spectrophotometer at 520 nm (Tecan Infinite F500, Mdnnedorf, Switzerland).

2.4. Molecular weight distribution of RS-3 remaining after fermentation

Freeze-dried pellets were solubilized in 1 M NaOH at 60 mg/mL sample. The
samples were diluted to 2.5 mg/mL, to avoid re-precipitation of the linear
a-1,4 glucans and neutralized by addition of 1 M HCI. The molecular weight
distribution was analysed using HPSEC-RI according to Klostermann et al.
(2021) (Chapter 21201).

2.5. Short-chain fatty acids and other organic acids produced by fermentation

SCFAs, lactic and succinic acid were analysed as previously described!®l.
Samples were diluted 5 times with MQ and centrifuged at 19,000 x g for 10 min.
The supernatant (10 uL  injection volume) was analysed wusing an
Ultimate 3000 HPLC system (Dionex, Sunnyvale, California, USA) in
combination with an Aminex HPX-87H column (Bio-Rad laboratories Inc,
Hercules, California, USA). Acids were detected by a refractive index detector
(RI-101, Shodex, Yokohama, Japan) and a UV detector set at 210 nm (Dionex
Ultimate 3000 RS variable wavelength detector). Elution was performed at
0.5 mL/min and 50 °C using 50 mM sulphuric acid as eluent. Acetic, propionic,
butyric, lactic and succinic acid standard curves were used for quantification
(0.05 -2 mg/mL). Data analysis was performed with Chromeleon™ 7.2.6
software from Thermo Fisher Scientific (Waltham, Massachusetts, USA).

2.6. Scanning Electron Microscopy of fermented RS-3 preparations

Fermented substrates N32-B, P21-A-pd, P22-B-pd and P40-B-pd were dried on
13 mm filters with 10 um pores (Merck Isopore™ membrane filter (Merck,
Burlington, Massachusetts, USA)), in a flow cabinet, attached to sample holders
containing carbon adhesive tabs (EMS, Washington, USA) and sputter coated
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with 12 nm tungsten (EM SCD 500, Leica, Vienna, Austria). The samples were
analysed using scanning electron microscopy (SEM) (Magellan 400, FEI,
Eindhoven, The Netherlands) at the Wageningen Electron Microscopy Center.
SEM images were recorded at an acceleration voltage of 2 kV and 13 pA and
magnification of 5,000 (Everhart-Thornley detector), 10,000 and 25,000 (Through
Lens Detector) times.

2.7. Microbiota composition analysis

DNA was extracted from approximately 1-10mg of freeze-dried pellet
followed by repeated bead-beating steps in Stool Transport and Recovery
(STAR) buffer as previously described®l. Afterwards, the DNA was purified
using the Maxwell 16 Tissue LEV Total RNA Purification Kit Cartridge
(XAS1220) (Promega, Madison, Wisconsin, USA). The purified DNA was diluted
to 20 ng/pL using nuclease-free water.

Duplicate PCRs were performed using barcoded primers to amplify the
V4 region of the 16S ribosomal RNA (rRNA) gene. The unique barcoded primer
pair 515F671 — 806R%8] was used. Each PCR reaction contained 10 pL of 5x Phusion
Green HF buffer (Thermo Fisher Scientific), 1 uL of 10 mM dNTPs (Promega),
0.5 uL of Phusion Hot start II DNA polymerase (2U/uL) (Thermo Fisher
Scientific), 1 uL of barcoded primers (10 uM) and 20 ng purified DNA. The
reaction mixture was filled up with nuclease-free water to 50 uL (Qiagen,
Hilden, Germany). The PCR program included an initial denaturation step for
30 s at 98 °C, followed by 25 cycles of 98 °C for 10 s, of 50 °C for 10 s and of 70 °C
for 10 s, with a final extension of 70 °C for 7 min. For samples that had a DNA
concentration <20 ng/uL more DNA was added during PCR amplification or
30 PCR cycles were performed. The obtained PCR products were visualized on
agarose gels, pooled and purified using CleanPCR (CleanNA, Waddinxveen,
The Netherlands). The purified PCR products were quantified using Qubit™
dsDNA BR assay kit (Invitrogen by Thermo Fisher Scientific) and a DeNovix
DS-11 Fluorometer (DeNovix Inc.,, Wilmington, Delaware, USA). Two mock
communities of known composition and one no-template control were included
in each library. The PCR products were pooled in equimolar amounts and
concentrated to 40 uL using CleanPCR. Libraries were sent for Illumina
Hiseq2500 (2 x 150 bp) sequencing (Novogene, Cambridge, UK).

2.8. Data analysis

Raw sequence data of the 16S rRNA gene amplicons was processed using the
NG-Tax 2.0 pipeline and default settings®l. Taxonomy of each amplicon
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sequence variant (ASV) was assigned based on the SILVA database
version 138.140 411, Data was analysed using R version 4.1.0, using the R packages
phyloseq version 1.38.042], microbiome version 1.17.4241 and microViz
version 0.10.1144. Relative abundance of microbial taxa was calculated based on
the 16S rRNA gene sequence read counts. Taxa with unidentified genus were
renamed to the lowest classified taxonomic rank and sorted based on taxon
abundance, e.g. the ASV of Lachnospiraceae Family 01 is the most abundant ASV
of unidentified genus of Lachnospiraceae. The relative abundances of ASVs were
visualized in a heatmap using the microViz packagel*t. Principle component
analysis (PCA) and principle coordinate analysis (PcoA) were used to visualize
the microbiota variation between substrates after centered-log-ratio (CLR)
transformation or Generalized UniFrac and Unweighted UniFrac distances,
respectively. PERMANOVA analyses were performed to determine if
physico-chemical characteristics of RS-3 significantly influenced the microbiota
composition using the adonis function of the vegan package version 2.6.24], and
statistically different parameters were visualized by redundancy analyses using
crystal type, Mw distribution (dispersity) and chain length as constraint
variables. Statistical analyses on starch degradation and SCFA formation were
not performed due to the too low number of biological replicates. The standard
deviation obtained from biological duplicates is shown in the figures.

3. Results

3.1. Characteristics of RS-3 preparations

RS-3 preparations with known crystal type (A vs B), chain length (DP16 - 76)
and Mw distribution (PI 1.07 — 2.11) consisted of six RS-3 substrates which were
highly resistant (> 80 %) to pancreatic digestion (defined as “intrinsic RS-3") and
two other RS-3 preparations with lower resistance (20-70 %, defined as
“RS-rich”), and were prepared previously, as described in Chapter 2[2¢l. The most
relevant physico-chemical characteristics of the eight RS-3 preparations are
shown in Table 3.1. The sample name has been recoded compared to
Klostermann et al., 2021, with N: narrow disperse, P: polydisperse, number:
DPn, A: A-type crystal, B: B-type crystal.

The intrinsic RS-3 preparations comprised of three substrates with an A-type
crystal pattern (N16-A, N18-A, P21-A) and three with a B-type crystal pattern
(N32-B, P53-B and N76-B). The intrinsic RS-3 preparations with an A-type crystal
had a lower average Mw, compared to intrinsic RS-3 preparations with a B-type
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crystal (Table 3.1). The RS-rich RS-3 preparations comprised of two substrates
with a B-type crystal, prepared from a-1,4 glucans of polydisperse Mw. These
RS-3 preparations were partially pre-digested prior to fermentation to obtain an
RS-rich fraction.

Table 3.1. Physico-chemical and digestiblity characteristics of RS-3 preparations used in this study
as described in Klostermann et al. (2021)(26].

Sample Reported Crystal DPnaysta  Plerystal In vitro RS
name in [26] type digestibility category
(120 min
(%))

N16-A sG2-A A 16 1.23 20 Intrinsic
N18-A sG5-A A 18 1.21 12 Intrinsic
P21-A dWRS-A A 21 1.59 21 Intrinsic
P22-B dWRS-B B 22 1.50 80 RS-rich
N32-B sG20-B B 32 1.14 5 Intrinsic
P40-B dWPS-B B 40 2.11 26 RS-rich
P53-B dAMPS-B B 53 1.67 9 Intrinsic
N76-B sG65-B B 76 1.07 6 Intrinsic

DPn (number-based degree of polymerization) and PI (polydispersity index) were determined
using HPSEC-RI, crystal type was determined using XRD and in vitro digestion was performed
using pancreatin and amyloglucosidasel?l. RS-rich refers to 20 — 70 % RS and intrinsic RS refers to
>80 % RS.

3.2. Fermentation of intrinsic RS-3 preparations by adult gut microbiota

The six intrinsic RS-3 preparations were fermented in vitro during 48 h using an
inoculum of a pool of four healthy adult faecal samples. After fermentation, the
starch degradation and SCFA formation were quantified and the changes in
microbiota composition were evaluated.

3.2.1. Intrinsic RS-3 substrates are degradable by adult gut microbiota

After incubation, the remaining insoluble and soluble starch fractions were
quantified at given time points (Supplementary table 3.1; Supplementary
table 3.2 for recoveries in substrate blanks). Up to 10 % of the intrinsic
RS-3 preparations solubilized during incubation of intrinsic RS-3 preparations
without inoculum. However, in the fermented intrinsic RS-3 substrates hardly
any soluble starch was found, which indicates that fermentation of soluble starch
was favoured over insoluble starch (Supplementary table 3.1).

Quantifying the remaining starch at different time points showed that all
A-type intrinsic RS-3 substrates were fermented quite similarly (Figure 3.1-A).

72



In vitrofermentation of resistant starch type 3

N18-A was fermented slightly slower compared to N16-A and P21-A during the
first 24 h, but its fermentation rate increased during the last 24 h of incubation.
After 48 h, 65 % of all A-type intrinsic RS-3 preparations were degraded.

A B
~ 100 @._ ~100 W.__
> 80 - >~ 80 -
g 60 T g 60 -
o e 8 \
S 40 ‘ N16-A ‘ S 40w N32-B W
S 20 @ N18-A 8 | P53-B
& ‘. P21-A @ B N76-B
0 ; : : 0 ; :
12 24 36 48 0 12 24 36 48
Fermentation time (h) Fermentation time (h)

Figure 3.1. Starch recovery after in vitro batch fermentation of intrinsic RS-3 with pooled adult faecal
inoculum for 0, 24 and 48 h. Figure A and B represent A-type and B-type intrinsic RS-3, respectively.
All starch recovery values were normalized for starch recovery found at t0. Non-normalized starch
recoveries can be found in Supplementary table 3.1. The average of biological duplicates is shown.

B-type intrinsic RS-3 preparations were fermented differently (Figure 3.1-B).
N32-B and N76-B (narrow disperse Mw distribution) were fermented at a very
similar rate; after 24 h of fermentation the fermentation rate increased until
around 65 % of the initial starch was fermented, similar to A-type intrinsic RS-3.
The fermentation rate of P53-B (polydisperse Mw distribution) also increased
after 24 h of fermentation, but after 48 h only 30 % of P53-B was fermented and
thus final fermentability was lower compared to narrow disperse B-type
intrinsic RS-3.

It should be noted that compared to intrinsic RS-3, digestible starch was already
almost completely fermented within 24 h (Supplementary table 3.1), indicating
the slow fermentability of intrinsic RS-3.

3.2.2. Intrinsic RS-3 preparations stimulate colonic butyrate production

To study the butyrogenic potential of intrinsic RS-3 substrates, SCFAs, lactic and
succinic acid were quantified during the in vitro fermentation. In contrast to
digestible starch which showed high lactate production, intrinsic RS-3 substrates
were mainly fermented to acetate and butyrate with only traces of propionate
and lactate (< 0.4 and < 0.1 pmol/mg substrate, respectively) after 24 and 48 h of
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fermentation (Figure 3.2), whereas no succinate was detected. As expected, very
low concentrations of SCFAs were observed in the medium blanks
(Supplementary figure 3.1).

A B
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Figure 3.2. SCFA and lactic acid formation (umol/mg substrate) during 48 h fermentation of intrinsic
RS-3 by pooled adult faecal inoculum. Figure A and B represent A-type and B-type intrinsic RS-3,
respectively. Results for the medium blank and positive control SPS are shown in Supplementary
figure 3.1. The average of biological duplicates is shown.

N16-A was fermented to acetate and butyrate in a ratio of + 2.7, illustrating a
relatively high proportion of butyrate, at both 24 and 48 h of fermentation and a
total amount of 7.0 pmol/mg substrate after 48 h of fermentation (Figure 3.2-A).
The acetate-butyrate ratio of N18-A was + 2.5 at 24 and 48 h of fermentation with
a total SCFA content of 7.2 umol/mg substrate (48 h). In contrast, fermentation
of P21-A resulted in a decrease in the acetate-butyrate ratio from 3.0 to 1.5 after
24 and 48 h of incubation, respectively, with a total SCFA content of 5.5 umol/mg
substrate after 48 h of fermentation. P21-A (polydisperse Mw distribution) was
thus fermented differently, compared to N16-A and N18-A (narrow disperse
Mw distribution), although a rather similar amount of starch was utilized
(Figure 3.1-A).

Intrinsic RS-3 substrates with a B-type crystal pattern (N32-B, P53-B and N76-B)
were mostly fermented to acetate and butyrate in an acetate-butyrate ratio of
approximately 2.5 after 24 and 48 h, with a total SCFA content of 7.1, 5.0 and
6.8 umol/mg substrate, respectively (Figure 3.2-B). After 48 h, N76-B was
fermented to acetate and butyrate in a ratio of 2.6 in one of the two duplicates,
whereas a ratio of 1 was found in the other biological duplicate. The degradation
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of N76-B was similar for both biological duplicates (Figure 3.1-B), which together
indicates that the cross-feeding between the microbes was different in the two
biological duplicates. P53-B was fermented to lower amounts of SCFAs
(5.0 umol/mg substrate at 48 h) compared to the other B-type intrinsic
RS-3 substrates, which was in line with the higher starch recovery after
fermentation (Figure 3.1-B).

Overall, the intrinsic RS-3 substrates with a narrow disperse Mw distribution
(N16-A, N18-A, N32-B and N76-B) were fermented to similar amounts of SCFAs
(£ 7 umol/mg substrate at 48 h) and a similar acetate-butyrate ratio (+2.5).
In contrast, intrinsic RS-3 substrates with a polydisperse Mw distribution (P21-A
and P53-B) were fermented to lower amounts of SCFAs (+ 5 — 5.5 pumol/mg
substrate).

3.2.3. Intrinsic RS-3 preparations stimulate gut microbiota differently, depending on the
physico-chemical characteristics

To study if intrinsic RS-3 preparations differing in crystal type, Mw and
Mw distribution  stimulated different microbial populations during
fermentation, the microbiota composition over time was determined. Beta-
diversity was determined after centered-log-ratio (CLR) transformation of
relative abundances of ASVs (Supplementary figure 3.2) and CLR-PCA showed
that the microbiota in t0 samples clearly separated from fermented intrinsic RS-3
and medium blanks, indicating that fermentation selectively stimulated
microbial populations compared to the initial inoculum. Independent of the
intrinsic RS-3 physico-chemical characteristics, the same nine family level taxa
covered > 95 % of the relative abundance during all incubations (Supplementary
figure 3.3).

To have a more in-depth look on microbiota composition, we looked at ASVs
explaining >2 % of the total relative abundance within an individual sample
(medium blank or intrinsic RS-3) and together explaining >80 % of the total
relative abundance at 24 or 48 h of fermentation (Figure 3.3). Using the NCBI
database we identified the ASVs further and found different species groups
within  obtained ASVs for e.g. Bifidobacterium and  Bacteroides
(Supplementary table 3.3). Within ASV Bifidobacterium 01, we found a 100 %
match with among others B. adolescentis, a primary degrader of RS in the gutlsl,
ASV Ruminococcus 01 had a 100 % match with key-stone RS degrader R. bromiil'®]
and recently discovered Ruminococcoides bili found in human bilel*], for which
RS degrading capability was proven as well.
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sample, after 24 and 48 h of fermentation of intrinsic RS-3 and medium blank using pooled adult
faecal inoculum. The total relative abundance explained (%) is also provided. The taxa are sorted

Figure 3.3. Heatmap showing ASVs contributing > 2 % to the total relative abundance within a
by hierarchical clustering of Euclidean distances.
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In the heatmap, it is shown that around 80 — 90 % of the total relative abundance
was explained by the same 15 ASVs for all samples, with Bifidobacterium 01,
Bifidobacterium 02, Lachnospiraceae Family 01, and Ruminococcus 01 as the most
dominant taxa (Figure 3.3). Bifidobacterium 01 as well as Bifidobacterium 02 were
present in all fermented intrinsic RS-3 substrates and medium blanks. Whereas
Bifidobacterium 01 accounted for more than 20 % after 24 h of fermentation and
increased in relative abundance to at least 30 % after 48 h of fermentation, the
relative abundances of Bifidobacterium 02 were drastically lower. Lachnospiraceae
Family 01 was present in all fermented intrinsic RS-3 substrates and varied
between 5 — 15 % after 24 h of fermentation and increased to 9 — 29 % after 48 h
of fermentation. This taxon was not present after fermentation in the medium
blank without RS-3 and therefore is likely to be involved in the fermentation of
intrinsic RS-3. It is noteworthy that the relative abundance of Lachnospiraceae
Family 01 differed between biological duplicates of 48 h fermented N76-B (7 and
29 %) (Figure 3.3), which could explain the differences found in SCFA ratio of
this substrate (Figure 3.2). Ruminococcus 01 was present for only 1 -3 % in the
fermented medium and most intrinsic RS-3 substrates, but specifically increased
in relative abundance after fermentation of 1 A-type and two B-type intrinsic
RS-3 substrates (N18-A, N32-B and N76-B), where it contributed for 10 — 20 % to
the relative abundance (Figure 3.3). For intrinsic RS-3 preparations N18-A and
N32-B we also found 3 —4 % Prevotella_9 1, which was absent in the medium
blank and RS-3 substrates N16-A, P21-A and P53-B, indicating a minor role
during fermentation of certain RS-3 substrates. Since Lachnospiraceae Family 01
and Ruminococcus 01 were dominant in the RS-3 incubations with neglectable
growth in the medium blanks and showed co-occurring patterns across the
incubations, we speculate that they are the primary fermenters of the
RS-3 substrates.

3.3. Fermentation of pre-digested RS-3 preparations

In vitro fermentation of intrinsic RS-3 showed that small differences in
physico-chemical characteristics impacted the rate of starch degradation, SCFA
production and microbiota composition. Most RS-3 preparations described in
literature contain a digestible fraction and are thus not considered RS-3 directly.
To study if the RS-fractions of RS-3 preparations that are rich in digestible starch
showed similar microbial succession and activity compared to intrinsic RS-3
during in vitro fermentation, selected RS-3 preparations (P22-B and P40-B) were
pre-digested and subsequently fermented in vitro and compared to fermentation
of intrinsic RS-3 N32-B and pre-digested intrinsic RS-3 P21-A, using the same
conditions as used in section 3.2. The starch degradation, SCFA and lactic acid
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formation (Figure 3.4) and changes in microbiota composition (Figure 3.5)
during in vitro fermentation were evaluated.
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Figure 3.4. A: Starch recovery during in vitro fermentation of pre-digested RS-3 preparations and
N32-B using pooled adult faecal inoculum, normalized for starch recovery at t0. Non-normalized
starch recoveries can be found in Supplementary table 3.4 and Supplementary table 3.5. Figure B-E:
SCFA and lactic acid formation (umol/mg substrate) during 48 h of in vitro fermentation of
P21-A-pd, P22-B-pd, P40-B-pd and N32-B, respectively. The average of biological duplicates is
shown.
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All pre-digested RS-fractions were degraded for approximately 50 — 60 % within
48 h of fermentation, similarly to intrinsic RS-3 N32-B (Figure 3.4-A).
The fermentation rate of P21-A-pd and P22-B-pd was initially slightly faster than
that of P40-B-pd and N32-B. The fermentation rate of P40-B-pd increased after
24 h of fermentation, similarly to N32-B. The microbial degradation of P21-A-pd,
P22-B-pd and P40-B-pd did not influence the Mw distribution of the remaining
substrate (Supplementary figure 3.4).

SCFA analysis showed that all substrates were fermented to mostly acetate and
butyrate during 48 h of fermentation (Figure 3.4-B-E), irrespectively of starch
degradation. During the first 8 h of incubation mostly acetate was formed, with
minor amounts of lactate (<0.2 umol/mg substrate), whereas butyrate was
formed only from 24 h of fermentation onwards. The acetate-butyrate ratio after
48 h of fermentation was 1, 1.8, 1.5 and 1.6 for P21-A-pd, P22-B-pd, P40-B-pd and
N32-B, respectively.

Fermented pre-digested RS-3 preparations showed the same nine family level
taxa, covering >95% of the relative abundance during all incubations
(Supplementary figure 3.5), similar to results obtained for intrinsic
RS-3 (Supplementary figure 3.3), but showing higher relative abundance of
Lachnospiraceae across incubations.

The same 18 ASVs, contributing >2 % to the total relative abundance and
together accounting for around 80 — 90 % of the total relative abundance, were
found for all samples (Figure 3.5) of which 13 ASVs were also found for
fermentation of intrinsic RS-3 (Figure 3.3). Bifidobacterium 01, Bifidobacterium 02,
Lachnospiraceae Family 01, Ruminococcus 01 and Enterobacteriaceae Family 01 were
the most dominant taxa present (Figure3.5). Relative abundance of
Bifidobacterium 01 decreased between 24 and 48 h of fermentation for pre-
digested RS-3 preparations, whereas relative abundance of Lachnospiraceae
Family 01 increased from 2-12 % at 24 h to 13-44 % after 48 h. Relative
abundance of Ruminococcus 01 increased in all fermented RS-3 substrates
between 24 and 48 h, but was especially dominant in N32-B. Pre-digested RS-3
preparations P22-B-pd and P40-B-pd were thus fermented by slightly different
microbial populations compared to intrinsic RS-3 NG32-B. Especially for
P21-A-pd, high relative abundance of Lachnospiraceae Family 01 was found, with
an enormous increase between 24 and 48 h, similar to fermentation of P21-A
without a pre-digestion treatment (Figure 3.3). P21-A was fermented to the
highest amount of butyrate among all fermentations, both when pre-digested or
when used as such (Figure 3.2-A, Figure 3.4-B).
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Figure 3.5. Heatmap showing ASVs contributing > 2 % to the total relative abundance within a

sample after 24 and 48 h of fermentation of P21-A-pd, P22-B-pd, P40-pd, N32-B and medium blank
using pooled adult faecal inoculum. The total relative abundance explained (%) is also provided.

The taxa are sorted by hierarchical clustering of Euclidean distances.

3.4. Pre-digested RS-3 fractions behave like intrinsic RS-3

To compare the RS-fractions of RS-rich RS-3 preparations with the intrinsic

RS-3 substrates on microbiota composition during fermentation, -diversities

were determined after 24 and 48 h of fermentation (Supplementary figure 3.6)
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using CLR-transformation, Unweighted UniFrac and Generalized UniFrac
distances. PERMANOVA analyses of Aitchison distances demonstrated that at
24h of fermentation, crystal type explained 14.1% (P = 0.0038) and
Mw distribution explained 9.7 % of the variation (P = 0.0319) (Supplementary
table 3.6). These parameters also approached significance using Unweighted
UniFrac distances (P ~ 0.05), but using Generalized UniFrac only crystal type
was significant, indicating that crystal type and Mw distribution affected the
presence of certain taxa, whereas crystal type alone was significantly affecting
the abundance of certain taxa. No taxa contributing >2 % of the total
relative abundance (Figure 3.3, Figure 3.5) were observed that were absent in
RS-3 preparations differing in either Mw distribution or crystal type. This
indicates that the variation explained by crystal type and Mw distribution using
unweighted UniFrac distances was due to presence or absence of taxa
contributing < 2 % of the total relative abundance within a sample.

At 48h of fermentation, Mw distribution (dispersity) explained 12.3 %
(P =0.0084) and chain length explained 14.7 % of the variation (P = 0.0035) using
Aitchison distances. These parameters were also significant using Unweighted
UniFrac (P £0.01) and Generalized UniFrac (P < 0.05) distances. To visualize the
most significant parameters, redundancy analysis was performed on CLR-
transformed microbial compositions at ASV level using crystal type and
dispersity (24 h of fermentation) or dispersity and chain length (48h of
fermentation) as constraint variables (Figure 3.6).

Although Mw distribution (dispersity) was not significantly affecting the
abundance of certain taxa, the results show that at 24 h of fermentation,
Ruminococcus 01 was associated with RS-3 preparations with a more
narrow disperse Mw distribution (Figure 3.6-A). This is in line with results
presented in Figure 3.3 and Figure 3.5, where especially RS-3 preparations with
a narrow Mw distribution overall showed a higher relative abundance of
Ruminococcus 01. Ruminococcus 01 negatively correlated with Faecalibacterium 2
(Figure 3.6-A), in line with results shown in Figure 3.5. Furthermore, Dorea 1 was
associated with RS-3 preparations with a B-type crystal, in line with results
shown in Figure 3.3 and Figure 3.5, although this taxon was not among the most
dominantly present taxa. At 48 h of fermentation, no clear associations between
RS-3 physico-chemical parameters and taxa contributing >2 % to the total
relative abundance were found (Figure 3.6-B). In both plots, P22-B-pd seems to
behave more like an A-type crystal, although it was confirmed that pre-digestion
did not alter the crystal type (data not shown).
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Figure 3.6. RDA plots on CLR-transformed relative abundances of ASVs using physico-chemical
parameters as constraint variables with A: Crystal type and dispersity at 24 h incubation and B:
Chain length and dispersity at 48 h of incubation. Taxa are shown that contribute > 2 % to the total
relative abundance within a sample and contribute for > 60 % relative to the largest taxa loadings
within the RDA plot.

3.5. Visual degradation of RS-3 by adult gut microbiota

Since we observed different microbial populations associated with the different
RS-3 physico-chemical characteristics and Ruminococcus 01 and Lachnospiraceae
Family 01 as likely candidates for primary fermenters, we conducted SEM on
N32-B, P21-A-pd, P22-B-pd and P40-B-pd to evaluate whether microbial
populations attached to the RS-3 preparations and whether these populations
differed among the RS-3 preparations.

The initial N32-B substrate consisted of quite regularly shaped spheres of around
5-7 um (Figure 3.7-A). Figure 3.7-B and -C clearly show that over time the shape
of the substrate changed and became less smooth. In addition, the surface of the
substrate was dominantly attached by a coccus-shaped bacterium
(Figure 3.7-B, C), with an occasional presence of a rod-shaped bacterium
(Supplementary figure 3.7). Altogether, these results indicate that the N32-B
substrate was degraded from the surface by coccus-shaped bacteria.
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Figure 3.7. SEM images of intrinsic RS-3 N32-B during fermentation. Figure A, B and C represent
N32-B blank and after 24 and 48 h of fermentation, respectively. Images 1 are 10,000 times magnified
and images 2 and 3 are 25,000 times magnified. Arrows point towards the bacteria.

The SEM images of P21-A-pd and P22-B-pd show that these substrates consisted
of tiny spheres that were connected to each other (Figure 3.8-A1, B1). In contrast,
P40-B-pd consisted of large chunks, without a clear microstructure
(Figure 3.8-C1). All pre-digested RS-3 preparations (polydisperse Mw
distribution), had a very different structure than the regularly shaped and dense
structure of N32-B (narrow disperse Mw distribution) (Figure 3.7-A). The results
show that after 24 h of fermentation rod-shaped bacteria attached to the pre-
digested RS-3 substrates (Figure 3.8-2), but also many non-degraded
RS-3 particles were found. For P21-A-pd and P22-B-pd, still some untouched
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substrate was recognized after 48 h of fermentation, whereas for P40-B-pd, most
chunks were covered by bacteria (Supplementary figure 3.8). The rod-shaped
bacteria seem to make holes within the substrates and hydrolyse/solubilise the

RS-3 substrates from inside, irrespectively of crystal type or chain length.

Figure 3.8. SEM images of pre-digested RS-3 substrates (1), after 24 h of fermentation (2) and
after 48 h of fermentation (3). A, B and C: P21-A-pd, P22-B-pd and P40-B-pd, respectively. Arrows
point towards the bacteria.

Combining the SEM images after fermentation of N32-B and pre-digested RS-es
(Figure 3.7, Figure 3.8), it becomes obvious that the degradation of these
substrates by gut microbiota is different. Whereas rod-shaped bacteria were
mostly attached to the RS-3 preparations with a polydisperse Mw distribution
(Figure 3.8), cocci were mostly attaching RS-3 preparations with a narrow
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disperse Mw distribution (Figure 3.7). Combined with our earlier observations
on microbiota composition, we speculate that the coccus-shaped bacterium
belongs to the Ruminococcus 01 taxon and the rod-shaped bacterium to
Lachnospiraceae Family 01.

4. Discussion

Our results show that intrinsic RS-3 and pre-digested RS-rich RS-3 preparations
were fermented slowly by gut microbiota (Figure 3.1, Figure 3.4-A). After 24 h
of fermentation, no solubilized starch was detected, indicating that hydrolysis
of starch was more limiting than the conversion to SCFAs. Fermentation of
intrinsic and pre-digested RS-3 stimulated the growth of bacteria belonging to
the genera Bifidobacterium, Lachnospiraceae and Ruminococcus. Previously, it has
already been shown that fermentation of RS-3 preparations increased the relative
abundance of Bifidobacterium and Lachnospiraceae members!'3l. Fermentation of A-
and B-type RS-3 preparations made of debranched waxy maize starch showed
an increase in relative abundance of Lachnospiraceae members and Prevotella, but
no distinct differences in microbial populations among fermented A- or B-type
RS-3 preparations!?l.

We found two different ASVs for Bifidobacterium, namely Bifidobacterium 01 and
Bifidobacterium 02 (Figure 3.3, Figure 3.5). Bifidobacterium 01 was present for
around 15 % in the initial inoculum and increased in all samples after
fermentation to 20 — 60 % of the total relative abundance, whereas the relative
abundance of Bifidobacterium 02 decreased between 24 — 48 h of fermentation of
RS-3 substrates. The V4 region of Bifidobacterium 01 was 100 % identical to
B. adolescentis, B. faecale and B. dentium, whereas the V4 region of
Bifidobacterium 02 was 100 % identical to B. pseudocatenulatum, B. longum subsp.
longum, B. longum subsp. infantis, B. longum, B. breve and B. miconisargentati
(Supplementary table 3.3). Although all bifidobacteria mentioned encode genes
for starch-degrading enzymes (Glycosyl Hydrolase family 13 (GH13); CAZy
databasel*’l) and some have been shown to actively ferment starch*% +I, only
B. adolescentis is described as a primary degrader of RS B. pseudocatenulatum
(covered by Bifidobacterium 02) has similar CBMs, including a raw starch-binding
CBM7451, and GHI13 enzymes in its genome compared to B. adolescentis
(CAZy!*7l) and was shown to grow on cooked commercial RS-3 (Novelose® 330,
+ 50 % RSM0521, Nevertheless, real RS-degrading capacities of this species have
not yet been shown!%3l.
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Whereas Bifidobacterium 01 increased in relative abundance in all fermented
RS-3 substrates and the medium blank, Ruminococcus 01 only increased in some
specific samples up to 20 % of the total relative abundance (Figure 3.3,
Figure 3.5). The V4 region of Ruminococcus 01 was 100 % identical with
Ruminococcus bromii and Ruminococcoides bili, according to NCBI Blast. From
R. bromii it is known to be an RS degrading specialist!!®, while also R. bili,
isolated from human bile, was shown to be able to degrade a range of starchesl#l.

The degradation rate during fermentation of N18-A, N32-B, N76-B (narrow
disperse Mw distribution) increased after 24 h and especially during the last 24 h
of incubation an increase in relative abundance of up to 20 % Ruminococcus 01
was found. Therefore, we speculate that Ruminococcus 01 was, at least partly,
responsible for the degradation of N18-A, N32-B and N76-B. This hypothesis is
strengthened by the recognition of mostly coccus-shaped bacteria after
fermentation of intrinsic RS-3 N32-B, as shown by SEM images (Figure 3.7). The
degradation rate during fermentation of P40-B-pd and P53-B also increased
during the last 24 h, but here we did not find such a pronounced increase in
relative abundance of Ruminococcus 01. The degradation rate of N16-A, P21-A,
P21-A-pd and P22-B-pd was very stable over time, stimulating mostly
Bifidobacterium 01 and Lachnospiraceae Family 01. Although Bifidobacterium 01
matches with primary degrader B. adolescentis, it also increased in relative
abundance in the medium blank, limiting us to speculate on primary
degradation of these RS-3 preparations by Bifidobacterium 01.  Since
Lachnospiraceae specifically increased in relative abundance upon fermentation
of RS-3, we speculate that N16-A, P21-A, P21-A-pd, P22-B-pd, P40-B-pd and
P53-B (mostly polydisperse Mw distribution) were degraded by this bacterium,
of which some members, such as A. rectalis, are recognized as secondary
degraders of RSI'7-54. This hypothesis is strengthened by the presence of mostly
rod-shaped bacteria after fermentation of P21-A-pd, P22-B-pd and P40-B-pd as
visualized by SEM images (Figure 3.8).

Our results showed that intrinsic RS-3 and pre-digested RS-rich
RS-3 preparations were fermented to acetate and butyrate. Fermentation of RS-3
stimulated Bifidobacterium 01, Ruminococcus 01 and Lachnospiraceae Family 01.
Bifidobacterium ferments its substrate to acetate and lactatel?], whereas
Lachnospiraceae is known to harbour many butyrate producing general®> 5, of
which some use lactate and acetate for their butyrate productionl®’l. For all
intrinsic RS-3 substrates, we found an increase in ASV Lachnospiraceae Family 01,
but also Faecalibacterium, Coprococcus and Anaerostipes, present in lower relative
abundance, might have contributed to the butyrate production via cross-feeding.
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The negative correlation found between Ruminococcus 01 and Faecalibacterium 02
(Figure 3.6-A) can be explained by R.bromii degrading starch to malto-
oligomers, maltose and accumulating glucosel®], whereas F. prausnitzii prefers
to ferment acetate over glucose for the production of butyratel®!. In contrast,
enhanced butyrate production from starch was demonstrated by cross-feeding
between B. adolescentis and F. prausnitzii previouslyl®l. Especially butyrate
production after fermentation of P21-A (polydisperse Mw distribution) was
high, compared to intrinsic RS-3 with a narrow disperse Mw distribution.
The acetate-butyrate ratio of fermented P21-A was also higher, compared to
acetate-butyrate ratios found for RS-3 with an A-type crystal made from
debranched waxy maize starch?® 3. Our study showed that small differences in
physico-chemical characteristics of RS-3 influenced microbiota composition, and
consequently butyrate production during fermentation. Also Gu et al. (2020)
showed that RS-3 characteristics such as crystal type and chain length influenced
the production of SCFAs and microbiota composition!!'l. Interestingly, our study
showed that especially Mw distribution of the a-1,4 glucan chains is an
important factor influencing microbiota composition and butyrate production.

5. Conclusions

Our study is the first to investigate the role of crystal type, Mw and
Mw distribution on the in vitro fermentability of RS-3 preparations by adult
faecal microbiota. We showed that by tuning RS-3 physico-chemical
characteristics, the microbiota composition and butyrate production during
fermentation can be influenced. Intrinsic RS-3 substrates are slowly fermentable
fibres that are stimulating Lachnospiraceae, Ruminococcus and Bifidobacterium.
Especially the Mw distribution of «-1,4 glucans within RS-3 substrates is
influencing the Lachnospiraceae /| Ruminococcus ratio after fermentation. Our
results suggest that a more dense and homogeneous RS-3 structure, such as
present in intrinsic RS-3 with a narrow disperse Mw distribution, requires RS-
degrading specialists such as Ruminococcus for degradation, irrespectively of
crystal type. In contrast, a less homogeneous microstructure, such as present in
RS-3 preparations with a polydisperse Mw distribution could potentially be
degraded by Lachnospiraceae. Especially A-type intrinsic RS-3 with a
polydisperse Mw distribution yielded relatively high levels of butyrate (acetate
/ butyrate ratio: 1). Due to the slow fermentation, intrinsic RS-3 will potentially
arrive in the distal colon and have a beneficial effect for the host by promoting
saccharolytic fermentation and butyrate production.
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7. Supplementary information

Supplementary table 3.1. Starch recovery in soluble and insoluble fractions of duplicate
fermentations of different RS-3 preparations and digestible starch (SPS) with pooled adult faecal

inoculum during 48 h of incubation.

Sample Time O h Time 24 h Time 48 h
name

Soluble Insoluble Soluble Insoluble Soluble Insoluble

(%) (%) (%) (%) (%) (%)

N16-A 3.7+0.6 994 +0.7 0.3+0.0 73.3+0.4 0.3+0.0 459 +6.7
N18-A 29+0.2 87.7+11.1 0.3+0.0 72.5+7.1 0.2+0.0 309+15
P21-A 4.0+0.0 74.7 +1.3 0.0 +0.0 56.3 +3.5 0.0 +0.0 33.2+35
N32-B 1.6 +0.1 929+19 0.2+0.0 744 +1.6 0.3+0.1 339+22
N76-B 1.2+0.1 99.8 +4.5 0.1+0.0 82.7+84 0.4+0.5 36.0+0.2
P53-B 32+0.5 93.1+122 0.1+0.0 86.5+6.4 0.1+0.0 66.3 +5.4
SPS 83.3+£0.9 n.a. 0.6 £0.0 n.a. 0.3+0.0 n.a.

Supplementary table 3.2. Starch recovery in soluble and insoluble fractions of duplicate incubations
of RS-3 preparations and digestible starch (SPS) during 48 h without presence of faecal inoculum.

Sample Time O h Time 24 h Time 48 h
name

Soluble Insoluble Soluble Insoluble Soluble Insoluble

(%) (%) (%) (%) (%) (%)

N16-A 2.6+0.4 97.0 6.1 9.9+0.0 89.1+4.3 10.8+1.3 86.8+1.8
N18-A 1.9+0.0 90.8+5.4 6.5+0.7 83.4+9.1 6.7+0.2 88.4+27
P21-A 3.1+0.0 88.6 + 3.1 8.3+0.2 82.9+47 9.8+0.2 81.7+1.6
N32-B 1.5+14 91.0+0.8 15+1.2 889+1.2 2.3+0.1 88.9+4.0
N76-B 0.2+0.0 947 +1.6 0.9+0.3 101.3+1.0 0.5+0.1 98.9+3.0
P53-B 2.1+0.5 98.9* 4.6+0.1 90.1+0.9 5.6+0.2 94.0+3.5
SPS 100.6 +12 n.a. 99.1+0.9 n.a. 100.0+1.3 n.a.

*Only 1 of two biological duplicates

92



In vitrofermentation of resistant starch type 3

o4 | SPS MB
% 12 -

£ 10 - B Acetic acid

=1

T 8- [0 Propionic acid
o

B 6 - [] Butyric acid
s 4

£ B Lactic acid
g2 5 B

S o ‘ —

O]

0 24 48 0 24 48
Fermentation time (h)

Supplementary figure 3.1. SCFA and lactic acid formation (umol/mg substrate) during 48 h of in
vitro fermentation using pooled adult faecal inoculum. SPS and MB refer to soluble potato starch
and medium blank, respectively. The average of biological duplicates is shown.
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Supplementary figure 3.2. Ordination plot of CLR-transformed relative abundances of ASVs from
fermented RS-3 substrates over time. PERMANOVA indicated that incubation time explained
48.8 % of the variation (P = 1le-04) and crystal type explained 5.3 % of the variation (P = 0.063).

93



Chapter 3

A N16-A N18-A P21-A C Medium blank
1.5 0 = - s B EE R E I a——
E B B E H H B B ER=N=N=] HHH H
30.9__:::_ HHEBEHHBE LU EHEH oo U U HHIMH
908 H H EHOHHH H & 008 5 5 [ I H
[v) = H H A H milE| || o H H L
€07 - H H M N iBelE €07 L
-E 0.6 N L = 'g 0.6 H B =H
305 [ H B B M H 205 | 1 L H
S 04 ® 04 il
203 203
- — L = = =
& 02 L HoL 802
& o I & oa
0 0
0 0 24 24 48 48 0 0 24 24 48 48 0 0 24 24 48 48 0 0 24 24 48 48
Fermentation time (h) Fermentation time (h)
B N32-B P53-B N76-B 0o
! . \ : . : . . ther
1T e e B e . D E e e e
209 O H H H L H 5 o B H H H H [@ Prevotellaceae
e = H =y = HHH O H=0o0OHTmM .
g8 o B [ = 0 H U A EOH M [ Christensenellaceae
€07 = e H M . .
S 06 H oY L | Ll || O Oscillospiraceae
€ = H /ol H W . .
205 M H H M H L [ Acidaminococcaceae
o g"; = H H O Bacteroidaceae
> 0.
Qo2 H u H L m O Enterobacteriaceae
£ o1 I [ Ruminococcaceae
0 [ Lachnospiraceae
0 0 24 24 48 48 0 0 24 24 48 48 0 0 24 24 48 48

Fermentation time (h) [ Bifidobacteriaceae

Supplementary figure 3.3. Microbiota composition in relative abundance after in vitro fermentation
of intrinsic RS-3 and medium blank over time at family level. Figure A, B and C refer to fermented
substrates of intrinsic A-type RS-3, intrinsic B-type RS-3 and the medium blank, respectively.
Results of both biological duplicates are indicated.
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Supplementary table 3.3. Identified ASVs with corresponding species according to NCBI Blast.
Only 100 % matches to 16S rRNA gene sequences of described species in the NCBI database are
given. Species in bold are described as primary RS degraders!'s 4¢l.

Unique ASV

16s rRNA part identified

100 % match NCBI for species only

Bifidobacterium 01

EEIES

F: TACGTAGGGTGCAAGCGTTATCCGGAATTATTGGGCGTAAAGGGCTCGTAGGCGGTTCGTCGCGTCCGGT
B: CCTGTTCGCTCCCCACGCTTTCGCTCCTCAGCGTCAGTGACGGCCCAGAGACCTGCCTTCGCCATTGGTG

B. dentium, B. faecale, B. adolescentis,

Bifidobacterium 02

F: TACGTAGGGTGCAAGCGTTATCCGGAATTATTGGGCGTAAAGGGCTCGTAGGCGGTTCGTCGCGTCCGGT
B: CCTGTTCGCTCCCCACGCTTTCGCTCCTCAGCGTCAGTAACGGCCCAGAGACCTGCCTTCGCCATTGGTG

B. pseudocatenulatum, B. longum subsp. longum, B. longum subsp. infantis,
B. longum, B. breve, B. miconisargentati

Bifidobacterium 03

F: TACGTAGGGTGCAAGCGTTATCCGGAATTATTGGGCGTAAAGGGCTCGTAGGCGGTTCGTCGCGTCCGGT
B: CCTGTTCGCTCCCCACGCTTTCGCTCCTCAGCGTCAGTGACGGCCCAGAGACCTGCCTTCGCCAGTGGTG

No 100 % matches on species level

Ruminococcus 01

F: TACGTAGGGAGCAAGCGTTGTCCGGATTTACTGGGTGTAAAGGGTGCGTAGGCGGCTTTGCAAGTCAGAT
B: CCTGTTTGCTACCCACGC CGTGCCTCAGCGTCAGTTAAAGCCCAGCAGGCCGCCTTCGCCACTGGTG

R. bromii, Ruminococcoides bili

Lachnospiraceae
Family 01

F: TACGTATGGTGCAAGCGTTATCCGGATTTACTGGGTGTAAAGGGAGCGCAGGCGGTGCGGCAAGTCTGAT
B: CCTGTTTGCTCCCCACGCTTTCGAGCCTCAGCGTCAGTTATCGTCCAGTAAGCCGCCTTCGCCACTGGTG

No 100 % matches on species level

Acidaminococcus 1

F: TACGTAGGTGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGAGCATGTAGGCGGGC TAAGTCTGAC
B: CCCGTTTGCTACCCTGGCTTTCGCATCTCAGCGTCAGACACAGTCCAGAAAGGCGCCTTCGCCACTGGTG

A. intestini

Enterobacteriaceae
Family 01

F: TACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTTTGTTAAGTCAGAT
B: CCTGTTTGCTCCCCACGCTTTCGCACCTGAGCGTCAGTCTTCGTCCAGGGGGCCGCCTTCGCCACCGGTA

No 100 % matches on species level

Prevotella_9 1

F: TACGGAAGGTCCGGGCGTTATCCGGATTTATTGGGTTTAAAGGGAGCGTAGGCCGGAGATTAAGCGTGTT
B: CCTGTTCGATACCCGCACTTTCGAGCTTCAGCGTCAGTTGCGCTCCAGTGAGCTGCCTTCGCAATCGGAG

P. copri

Coprococcus 1

F: TACGTATGGTGCAAGCGTTATCCGGATTTACTGGGTGTAAAGGGAGCGTAGACGGCTGTGTAAGTCTGAA
B: CCTGTTTGCTCCCCACGCTTTCGAGCCTCAACGTCAGTCATCGTCCAGTAAGCCGCCTTCGCCACTGGTG

No 100 % matches on species level

Bacteroides 01

F: TACGGAGGATCCGAGCGTTATCCGGATTTATTGGGTTTAAAGGGAGCGTAGATGGATGTTTAAGTCAGTT
B: CCTGTTTGATACCCACACTTTCGAGCCTCAATGTCAGTTGCAGCTTAGCAGGCTGCCTTCGCAATCGGAG

B. vulgatus, B. dorei, Phocaeicola dorei, Phocaeicola vulgatus

Dorea 1

F: TACGTAGGGGGCAAGCGTTATCCGGATTTACTGGGTGTAAAGGGAGCGTAGACGGCACGGCAAGCCAGAT
B: CCTGTTTGCTCCCCACGCTTTCGAGCCTCAACGTCAGTCATCGTCCAGCAAGCCGCCTTCGCCACTGGTG

D. longicatena,

Faecalibacterium 1

F: AACGTAGGTCACAAGCGTTGTCCGGAATTACTGGGTGTAAAGGGAGCGCAGGCGGGAAGACAAGTTGGAA
B: CCTGTTTGCTACCCACACTTTCGAGCCTCAGCGTCAGTTGGTGCCCAGTAGGCCGCCTTCGCCACTGGTG

F. prausnitzii, F. duncaniae

Anaerostipes 1

F: TACGTAGGGGGCAAGCGTTATCCGGAATTACTGGGTGTAAAGGGTGCGTAGGTGGTATGGCAAGTCAGAA
B: CCTGTTTGCTCCCCACGCTTTCGTGCCTCAGTGTCAGTTTCAGTCCAGTAAGCCGCCTTCGCCACTGATG

A. hadrus, A. faecalis

Bacteroides 03

FTACGGAGGATCCGAGCGTTATCCGGATTTATTGGGTTTAAAGGGAGCGTAGGTGGACAGTTAAGTCAGTT
B: CCTGTTTGATACCCACACTTTCGAGCATCAGTGTCAGTTGCAGTCCAGTGAGCTGCCTTCGCAATCGGAG

B. bouchesdurhonensis, B. zhangwenhongii, B. thetaiotaomicron

Bacteroides 02

F: TACGGAGGATCCGAGCGTTATCCGGATTTATTGGGTTTAAAGGGAGCGTAGGCGGACGCTTAAGTCAGTT
B: CCTGTTTGATACCCACACTTTCGAGCATCAGCGTCAGTTACAGTCCAGCAGGCTGCCTTCGCAATCGGAG

B. uniformis
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Supplementary table 3.4. Starch recovery (%) in soluble and insoluble fractions of duplicate
fermentations of pre-digested RS-es with pooled adult faecal inoculum during 48 h of incubation.

P21-A-pd P22-B-pd P40-B-pd N32-B
. Soluble (%) 42+0.2 8.0+0.2 35+0.4 2.4 +0.1
Time 0 h
Insoluble (%) 90.4+0.9 90.1+1.7 92.7 +4.8 90.0+0.5
. Soluble (%) 1.2+0.6 74+0.1 0.2+0.0 0.2+0.1
Time 8 h
Insoluble (%) 85.4+0.7 785+2.2 89.9+5.7 87.7 4.0
. Soluble (%) 0.3+0.0 0.0+0.1 0.1+0.0 0.5+0.1
Time 24 h
Insoluble (%) 67.5+2.2 57.8+0.2 81.9+2.1 79.7 +2.7
. Soluble (%) 0.3+0.0 0.4+0.6 0.1+0.0 0.4+0.0
Time 36 h
Insoluble (%) 56.8 +6.4 54.6 +2.5 64.9 +1.8 67.1+3.5
. Soluble (%) 0.3+0.0 0.0+0.1 0.1+0.0 0.3+0.0
Time 48 h

Insoluble (%) 34.3+12.8 33.8+10.4 441+1.1 439+1.3

Supplementary table 3.5. Starch recovery (%) in soluble and insoluble fractions of duplicate
incubations of pre-digested RS-es during 48 h of incubation.

SB SB SB SB
P21-A-pd P22-B-pd P40-B-pd N32-B
. Soluble (%) 43+0.6 7.6+0.3 2.6+0.1 1.5+0.1
Time O h
Insoluble (%) 93.6 2.5 87.6 0.0 94.1 +3.6 92.8+1.6
. Soluble (%) 7.6+0.9 12.8+0.9 5.0+0.5 2.7+0.1
Time 8 h
Insoluble (%) 95.3+12.8 87.6 +3.1 85.4+3.1 91.6 +0.1
. Soluble (%) 12.0+0.5 14.6 +0.1 7.6+0.1 3.3+0.1
Time 24 h
Insoluble (%) 88.1+3.2 85.4+0.7 90.4+04 92.1+1.5
. Soluble (%) 10.3 1.0 14.6 +0.1 72+0.5 3.7+0.8
Time 36 h
Insoluble (%) 88.5+0.8 86.0+2.5 91.6 +5.1 91.8+0.1
. Soluble (%) 13.1+1.1 16.0 +0.0 7.8+0.6 3.6+0.2
Time 48 h
Insoluble (%) 84.6 +3.2 87.5+0.2 93.5+3.0 91.6 +0.5
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Supplementary figure 3.4. Molecular weight distribution of residual RS-3 during in vitro
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Supplementary table 3.6. Results of PERMANOVA analyses of Dispersity (Mw distribution),
Crystal type and Chain length using Aitchison distances, Generalized UniFrac and Unweighted
UniFrac distances on fermented RS-3 substrates.

24 h fermentation 48 h fermentation
Factor R2 Pr(>F) R2 Pr(>F)
Dispersity 0.09713 0.0539 0.12856 0.0137
Residual 0.90287 0.87144
Total 1.00000 1.00000
CrystalType 0.14117 0.0057 0.08528 0.1043
Residual 0.85883 0.91472
Total 1.00000 1.00000
ChainLength 0.11534 0.021 0.15327 0.0051
Residual 0.88466 0.84673
Total 1.00000 1.00000
Dispersity 0.09725 0.0319 0.13319 0.0083
Aitchison CrystalType 0.14129 0.0038 0.08991 0.0630
Residual 0.76158 0.78153
Total 1.00000 1.00000
CrystalType 0.11012 0.0147 0.05296 0.3066
ChainLength 0.08428 0.0616 0.12095 0.0161
Residual 0.77455 0.79377
Total 1.00000 1.00000
Dispersity 0.09350 0.0453 0.12251 0.0084
ChainLength 0.11171 0.0183 0.14722 0.0035
Residual 0.79116 0.72422
Total 1.00000 1.00000
Dispersity 0.0806 0.1887 0.14416 0.0343
Residual 0.9194 0.85584
Total 1.00000 1.00000
CrystalType 0.27084 0.006 0.10676 0.0876
Residual 0.72916 0.89324
Total 1.00000 1.00000
ChainLength 0.20357 0.0169 0.07598 0.0587
Residual 0.79643 0.54169
. Total 1.00000 0.61767
Generalized Dispersity 0.09178 0.0941 0.14762 0.0238
UniFrac CrystalType 0.28202 0.0039 0.11023 0.0595
Residual 0.63738 0.74561
Total 1.00000 1.00000
CrystalType 0.12940 0.0489 0.03864 0.4907
ChainLength 0.06212 0.1949 0.05488 0.3331
Residual 0.66703 0.83836
Total 1.00000 1.00000
Dispersity 0.07182 0.1734 0.14271 0.0253
ChainLength 0.19479 0.0176 0.12156 0.0432
Residual 0.72461 0.73428
Total 1.00000 1.00000
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Supplementary table 3.6, continued

Unweighted
UniFrac

Dispersity 0.11389 0.0586 0.13923 0.0323
Residual 0.88611 0.86077

Total 1.00000 1.00000

ChainLength 0.09291 0.1169 0.28461 5e-04
Residual 0.90709 0.71539

Total 1.00000 1.00000

CrystalType 0.11777 0.0511 0.20653 0.0047
Residual 0.88223 0.79347

Total 1.00000 1.00000

Dispersity 0.10884 0.0537 0.14258 0.0135
CrystalType 0.11272 0.0463 0.20988 0.0024
Residual 0.77339 0.65089

Total 1.00000 1.00000

CrystalType 0.09809 0.0874 0.05092 0.2620
ChainLength 0.07322 0.1847 0.12901 0.0189
Residual 0.80900 0.66446

Total 1.00000 1.00000

Dispersity 0.11461 0.0476 0.13459 0.0113
ChainLength 0.09363 0.0906 0.27997 0.0003
Residual 0.79248 0.58080

Total 1.00000 1.00000
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Supplementary figure 3.7. SEM image of RS-3 N32-B after 48 h of in vitro fermentation by pooled
adult faecal inoculum. White arrows point towards coccus-shaped bacteria, whereas red arrows
point towards rod-shaped bacteria.
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Supplementary figure 3.8. SEM images of P21-A-pd (A), P22-B-pd (B) and P40-
B-pd (C) after 48 h of fermentation with pooled adult faecal inoculum, showing
untouched RS-3 particles (black arrows) and bacteria (white arrows).
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Chapter 4

Abstract

Starch is an important energy source for humans. When starch escapes digestion
in the small intestine, it will transit to the colon and will be fermented by gut
microbes. Many gut microbes express a-amylases that can degrade soluble
starch, but only a few are able to degrade intrinsic resistant starch (RS), that is
insoluble and highly resistant to digestion (= 80 % RS). We studied the in vitro
fermentability of eight retrograded starches (RS-3 preparations) differing in
rapidly digestible starch content (= 70 %, 35-50 %, < 15 %) by an inoculum
consisting of a pool of four healthy adult faecal samples and found that
fermentability depends on the digestible starch fraction present. Digestible
starch was readily fermented and generated acetate and lactate, whereas
resistant starch was fermented much slower and generated acetate and butyrate.
Primarily Bifidobacterium increased in relative abundance after fermentation of
digestible starch, whereas fermentation of resistant starch also increased relative
abundance of Ruminococcus and Lachnospiraceae. Even the presence of a relatively
small fraction of total digestible starch (+ 25 %) within RS-3 preparations
influenced the fermentation rate and microbiota composition in such a way that
the resistant starch fraction was hardly fermented. By quantification of short-
chain fatty acids, we observed that six individual faecal inocula obtained from
infants and adults were able to ferment digestible starch, whereas only one adult
faecal inoculum was clearly able to ferment intrinsic RS-3. This suggests that, in
contrast to digestible starch, intrinsic RS-3 is only fermentable when specific
microbes are present. In conclusion, our data illustrates that awareness is
required for the presence of digestible starch during in vitro fermentation of
resistant starch, since such digestible fraction could influence and overrule the
outcomes of the prebiotic potential of resistant starches.
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1. Introduction

Starch is an important energy source for humans. The major proportion of the
starch we consume consists of digestible starch, that is partially digested by
salivary a-amylase in the mouth and, depending on the pH, in the stomach and
is further digested by pancreatic a-amylase in the small intestine to
malto-oligomers!!l. These malto-oligomers are hydrolysed by brush-border
enzymes maltase-glucoamylase and sucrase-isomaltase to glucosel'l and further
metabolised to energy. If starch escapes digestion in the upper gastro-intestinal
tract (GIT), it will transit to the colon where it will be fermented by gut
microbiota to yield health-beneficial short-chain fatty acids (SCFAs)i2l. The
amount of starch arriving in the colon depends largely on the digestion kinetics!?!
and is influenced by, among others, the type of starch, surrounding food
matrices, transit time and age of the subjectl! 1.

A widely accepted model to study in vitro starch digestion in the upper GIT
describes different fractions of digestible starch: rapidly digestible starch (RDS),
which is digested within 20 min of a standardized incubation, and slowly
digestible starch (SDS), which is digested between 20-120 min of incubation!”.
The starch that is remaining after 120 min of digestion is considered resistant
starch (RS)I7l. Nevertheless, this “RS” might be degradable using higher enzyme
concentrations®! or longer incubation timesP! and is therefore considered
kinetically resistant starch. Such starches are different from intrinsic resistant
starches, since these are not digestible by upper GIT enzymes.

Some starches are more resistant to upper GIT digestion than others due to their
granular structure (type 2 RS) or conformation (type 3 RS (retrograded starches))
or due to a surrounding cell-wall matrix (type 1 RS) which is protecting the
granular starches from pancreatic digestion!*l. Also type 4 and type 5 RS are
described, which resist digestion due to chemical modification or due to
complexing with lipids, respectively. Although these five types of RS are
defined and considered as “resistant starch”, most of them are partially
digestible and only contain a fraction of RSI*-12l. Previously, we made resistant
starch type 3 (RS-3) preparations differing in molecular weight, molecular
weight distribution and crystal type and found that the proportion of RDS, SDS
and RS depended on these characteristics (Chapter 21'3]).

To our knowledge, only few studies have been targeting the in vivo starch
digestion in human directly!® . This is probably due to the use of invasive
techniques that are needed to quantify released malto-oligomers and glucose in
the small intestine. Starch digestion in vivo is mostly predicted indirectly by
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addressing the glycaemic response and comparing this to in vitro digestion
assaysl'>17]. Since there is a lack of in vivo studies in human, it is still hard to
predict how much of the digestible fraction of kinetically resistant starch will
arrive in the colon. It has been speculated that a more rapid transit-time or
starch-rich meals may result in the presence of digestible starch in the colon!'sl.
A previous study supplementing subjects with 20 or 40 g/day digestible starch
did not find changes in faecal microbiota composition after the intervention!”l.
This indicates that either all digestible starch had been absorbed in the small
intestine or that the presence of digestible starch in the colon did not result in
specific changes in microbiota composition. Animal studies that quantified
remaining starch throughout the GIT showed that digestible starch had fully
disappeared at the end of the small intestine, either by digestion or ileal
fermentation(2o 211,

Although most of the starch will be digested in the small intestine, still many
studies discussing the fermentability of RS do not report the digestible fraction
neither remove this fraction prior to in vitro fermentation!'2 22271, Additionally,
media used for in vitro fermentation, such as simulated ileal efflux medium
(SIEM), routinely contain digestible starch(?®l. The presence of a large fraction of
digestible starch in the colon of healthy adults is only likely when acarbose is
used to block pancreatic digestion!®! or originating from RS-1, in which
otherwise digestible granules, such as present in wheat, rice or maize kernels,
are protected by a cell-wall matrix and therefore not digested in the small
intestinel'’l. Once the gut microbes open the cell-wall matrix, this starch is
released and subject to fast fermentation. Although the impact of a digestible
fraction on in vitro fermentation is not always clear, it should be realized that
many different gut microbes are able to ferment soluble -digestible- starch due
to the presence of starch-degrading glycoside hydrolase family 13 (GH13)
enzymes in their genomel®! (CAZy databasel®'l). In contrast, only a few microbes
are reported to be able to degrade and ferment RS type 2 and 3 directly, such as
Ruminococcus bromii and Bifidobacterium adolescentisl® 31, These microbes express,
next to specific a-amylases, also specific carbohydrate binding modules (CBMs),
such as CBM74, that are able to bind to insoluble starch particlesi®* and therefore
accelerate hydrolysis.

The presence of a digestible fraction during in vitro fermentation is thus likely to
affect the prediction of the prebiotic potential of RS, making pre-digestion to
remove digestible starch necessary. Although in vitro digestion assays are
developed to determine the amount of RS within a source and not necessarily as
a pre-treatment prior to in vitro fermentation, many researchers used this pre-
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digestion treatment for studying the prebiotic potential of RSI35-#2l. Pre-digestion
assays prior to in vitro fermentation have their weaknesses, such as inactivation
of digestive enzymes without heat treatment, and drying of the obtained pre-
digested fractions. The impact of the presence of a digestible starch fraction
during in vitro fermentation of partially resistant starches by gut microbiota is
not studied in detail yet.

In the present study we determined the impact of digestible starch fractions
within RS-3 preparations on in vitro fermentation. Eight RS-3 preparations
differing in rapidly digestible starch (RDS) content (grouped in categories 270 %
RDS, 35-50 % RDS and <15 % RDS) were inoculated with a pool of four healthy
adult faecal samples and subsequently, the starch degradation, SCFA production
and changes in microbiota composition were determined at different incubation
times. To investigate a possible generic impact of gut microbiota on the
fermentability of digestible versus resistant starch, we also incubated one fully
digestible starch (from the category > 70 % RDS) and two intrinsic RS-3
substrates (from the category <15 % RDS) with faecal inocula of two adults and
two weaning infants at six and nine-ten months old and quantified the SCFAs
produced.

2. Materials and methods

2.1. Materials

L-cysteine hydrochloride, 2-(N-morpholino)ethanesulfonic acid and soluble
potato starch (SPS) were obtained from Sigma-Aldrich (St. Louis, Missouri,
USA).

2.1.1. RS-3 preparations

RS-3 preparations were prepared by crystallizing a-1,4 glucans obtained by
either debranched (enzymatically modified) amylopectins or by enzymatic
synthesis (Chapter 20%3l). The (enzymatically modified) amylopectins included
waxy potato starch (Elianel00) and highly branched starch of potato
(Mw +100 kDa, 8 % branch points) provided by AVEBE (Veendam, The
Netherlands) and waxy rice starch (Remyline XS) obtained from Beneo
(Mannheim, Germany). The physico-chemical characteristics of the RS-3
preparations and the in vitro digestibility were described in Chapter 2['3 and are
summarized in Table 4.1 in the results section.

109



Chapter 4

2.1.2. Faecal slurry

Faecal material of four healthy adults was collected, after signing a written
informed consent. Subjects were between 27 and 35 years old, had a BMI between
19 - 22 kg/m?, were non-smokers, did not have any health complaints, and did
not use antibiotics for over 6 months prior to collection. Pooled adult faecal
slurry was prepared as previously described (Chapter 3), snap-frozen in liquid
nitrogen and stored at -80 °C prior to use. Faecal samples of infants were
collected within the Baby Carbs Study as briefly reported by Endika and co-
authors/®l. Faecal slurries of two individual adults, two weaning infants at 6
months old and the same two infants at 9-10 months old were prepared as
previously described (Chapter 3), snap-frozen in liquid nitrogen and stored
at -80 °C prior to use.

2.2. In vitrobatch fermentation of RS-3 preparations

The culture medium was based on Simulated Ileal Efflux Medium (SIEM) as
described by Minekus et al. (1999) with minor modifications as reported in
Chapter 3. Especially the carbohydrate component within modified SIEM
(mSIEM) was lowered to 0.592 g/L. Culture medium containing 11.11 mg/mL
soluble potato starch (mSIEM + SPS) was prepared as described previously
(Chapter 3).

The in vitro batch fermentations were performed as described previously
(Chapter 3). In short, + 20 mg (dry weight) RS-3 preparations were weighed in
duplicate in sterile 5 mL serum bottles for each individual sampling time. The
weighed RS-3 preparations were stored overnight in an anaerobic chamber (gas
composition: 4 % Ha, 15 % COz, 81 % Nz; Bactron 300, Sheldon Manufacturing,
Cornelius, Oregon, USA).

In the anaerobic chamber, inoculum was prepared by diluting pooled adult
faecal slurry to 10 mg/mL faeces in mSIEM. An aliquot of 1.8 mL mSIEM was
added to the serum bottles containing RS-3 preparations and 0.2 mL inoculum
was added to reach final substrate concentrations of + 10 mg/mL. Similarly, an
aliquot of 1.8 mL mSIEM + SPS was added to empty serum bottles and 0.2 mL
inoculum was added. In addition, substrate blanks (without inoculum) and
medium blanks (without additional substrate) were included. The serum bottles
were capped with butyl rubber stoppers and incubated at 37 °C, 100 rpm for
0, 24 and 48 h.

At each time point, the serum bottles were decapped and the contents were
transferred to Safe-Lock Eppendorf tubes (Eppendorf, Hamburg, Germany). The
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tubes were centrifuged, the pellet and supernatant were separated and further
processed as described previously (Chapter 3). The pH was measured using
non-bleeding pH indicator strips 4.0-7.0 (Merck, Darmstadt, Germany). The
supernatant was heated in a Safe-Lock Eppendorf tube to 100 °C, 800 rpm for 10
min in an Eppendorf shaker (Eppendorf) and stored at -20 °C until analysis. The
pellet was snap-frozen with liquid nitrogen, stored at -80 °C and freeze-dried.

In a second, independent fermentation experiment, we investigated the
fermentability of SPS and two intrinsic RS-3 substrates (N18-A and N76-B) using
individual faecal inocula obtained from adults and infants (Supplementary
information 4.1).

2.3. Total starch quantification of fermented RS-3 preparations

Starch was quantified in the supernatant and in the freeze-dried pellets obtained
after fermentation using the Megazyme Total Starch Kit (AA/AMG) (Megazyme,
Wicklow, Ireland), according to the company protocol and adjusted for smaller
sample sizes as described in Chapter 3.

2.4. Short-chain fatty acids and other organic acids produced by fermentation

Short-chain fatty acids, lactic and succinic acid were analysed using
HPLC-RI/UV as previously described (Chapter 3).

2.5. Microbiota composition & data analysis

Microbiota composition was determined as described previously (Chapter 3) in
all biological duplicates, except for SPS t0 since only 1 freeze-dried pellet
contained enough DNA to perform 16s ribosomal RNA (rRNA) gene sequencing.
In short, the V4 region of the 165 rRNA gene of purified DNA was amplified in
duplicate using barcoded primers. The PCR products were purified, pooled and
sent for Illumina Hiseq2500 (2 x 150 bp) sequencing (Novogene, Cambridge,
UK). Raw sequence data of the 165 rRNA gene amplicons was processed using
the NG-Tax 2.0 pipeline with default settingsi*4l. Taxonomy of each amplicon
sequence variant (ASV) was assigned based on the SILVA database version
138.1145, 461, Data was analysed using R version 4.1.0 and the R packages phyloseq
version 1.38.0147], microbiome version 1.17.42481 and microViz version 0.10.1[491 as
previously described (Chapter 3). Principle component analysis (PCA) and
principle coordinate analysis (PCoA) were used to visualize the microbiota
variation between substrates after centered-log-ratio (CLR) transformation or
Generalized UniFrac distances (i.e. taking phylogenetic relatedness and relative
abundance of taxa into account, with an extra parameter a controlling the weight
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of abundant lineages/®) and Unweighted UniFrac distances (i.e. taking
phylogenetic relatedness between taxa, but no relative abundance of taxa into
account), respectively. PERMANOVA analyses were performed to determine if
the % RDS, % SDS and % RS (as a continuous variable) present within RS-3
preparations significantly influenced the microbiota composition.

3. Results

3.1. RS-3 preparations

We investigated the impact of the presence of a digestible starch fraction of nine
different starches on in vitro fermentation characteristics, such as starch
degradation, short-chain fatty acid (SCFA) formation and microbiota
composition. Eight starches studied were so-called RS-3 preparations while
soluble potato starch (SPS) was taken as a positive control. The RS-3 preparations
were prepared from a-1,4 glucans of different average Mw, obtained either by
debranching amylopectins of different sources or by enzymatic synthesis. The
obtained «a-1,4 glucans were crystallized in A- or B-type polymorphs. To
determine the fractions of rapidly and slowly digestible starch (total digestible
starch) and resistant starch, the samples were in vitro digested using porcine
pancreatin and amyloglucosidase (Chapter 21'3). The overall characteristics of
the eight RS-3 preparations are shown in Table 4.1. The sample codes are named
after the RS-3 physico-chemical characteristics with N: narrow disperse, P:
polydisperse, number: DPn, A: A-type crystal, B: B-type crystal.

The RS-3 preparations obtained from debranched amylopectins had a more
polydisperse Mw distribution (PI > 1.3), whereas those obtained from
enzymatically synthesized a-1,4 glucans had a more narrow disperse Mw
distribution (PI < 1.25). After in vitro digestion, the RS-3 preparations and SPS
were grouped in categories based on their RDS content. These groups consisted
of samples having > 70 % RDS (SPS, P14-B, N15-B), 35-50 % RDS (P14-A, N18-B,
P22-B) and samples having < 15 % RDS (P40-B, N18-A and N76-B). Especially
N18-A and N76-B contained a very low amount of total digestible starch (RDS +
SDS) and were therefore considered intrinsic RS-3. Some RS-3 preparations with
similar Mw and Mw distribution but differing in crystal type fell into different
categories based on their digestion properties (P14-A vs P14-B, N18-A vs N18-B)
(Chapter 2I'31). Together, these eight RS-3 preparations and SPS represent a broad
collection of starches differing in contents of RDS, SDS and RS, which allows us
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to study the effect of a digestible fraction on in vitro fermentation of RS-3
preparations.

Table 4.1. Characteristics of RS-3 preparations used in this study, as described in Klostermann et
al. (2021)0131,

Name Reported DPn PI  Crystal RDS (%) SDS (%) RS (%) RDS
as!13! type cat.

P14-A dHBPS-A 143 1.33 A 40.1+54 447+89 152+3.6 35-50%

P14-B dHBPS-B 14.0 1.35 921+12.0 7.6+1.8 02+103 =270%

N15-B sG2-B 152 1.25 69.6+42 199+20 105+22 270%

P22-B dWRS-B 219 1.50 382+22 419+0.7 199+24 35-50 %

N18-A sG5-A 18.0 1.21 124+9.1 -03+6.1 88.0+38 <15%

N18-B sG5-B 18.0 1.21 50.7+0.4 23.4+3.0 259+33 35-50 %

0> ||

P40-B dWPS-B 399 211 153+1.7 105+19 742+20 <15%

N76-B sG65-B 75.6  1.07 B 32+09 2602 942+08 <15%

DPn (number-based degree of polymerization) and PI (polydispersity index) were determined
using HPSEC-RI analysis, crystal type was determined using XRD and rapidly digestible starch
(RDS), slowly digestible starch (SDS) and resistant starch (RS) were determined after digestion
using porcine pancreatin and amyloglucosidasel'3l. RDS cat. = RDS category, used for grouping
substrates. The sample names have been recoded compared to Klostermann et al., 2021131,

3.2. Starch having a digestible fraction is fermented differently compared to
intrinsic resistant starch

The RS-3 preparations and SPS were fermented in vitro during 48 h using an
inoculum of a pool of four healthy adult faecal samples. The starch was
quantified based on the presence of soluble starch in the supernatant and
insoluble starch in the obtained pellet after incubation with (Supplementary
table 4.1) and without faecal inoculum (Supplementary table 4.2). This revealed
that some RS-3 preparations solubilized during 24 h of incubation
(Supplementary table 4.2) and that these soluble fractions were not detected in
the presence of the faecal inoculum (Supplementary table 4.1), indicating that
the soluble fraction was fermented prior to the insoluble fraction. Especially
P14-B solubilized for + 70 % after 24 h of incubation, but also other RS-3
preparations like N15-B and P14-A solubilized for + 30 % after 24 h of incubation
(Supplementary table 4.2), which is likely caused by the short a-1,4 glucan chain
length of these RS-3 preparations. Previously, it has been shown that especially
short a-1,4 glucans present within recrystallized starch tend to solubilize when
heated; and when present in B-type crystallites these short a-1,4 glucans tend to
solubilize faster than when present in A-type crystallitesls!], clearly confirming
our observations. It should be noted that insoluble starch was hard to quantify
accurately since sampling of insoluble starch had some limitations (i.e. the
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pellets obtained after centrifugation were very instable), especially for samples
at t0 and samples without inoculum. When fermentation proceeded, the biomass
together with the insoluble starch particles made quantification easier and more
reliable. To achieve a useful comparison among fermentation rates of RS-3
preparations by gut microbiota, we normalized the obtained starch recovery
during fermentation for total starch content at t0.
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Figure 4.1. Starch recovery (soluble + insoluble starch) during 48 h of fermentation of RS-3
preparations by pooled adult faecal inoculum, normalized for the total starch content at t0. Figure
A, B and C represent RS-3 preparations containing > 70 % RDS, 35-50 % RDS or < 15 % RDS,
respectively. The average of biological duplicates is shown. Standard deviations might be smaller
than the marker used.

Complete starch degradation of samples containing > 70 % RDS (SPS, N15-B,
P14-B) occurred during the first 24 h of incubation (Figure 4.1-A). As stated
before, RS-3 preparations N15-B and P14-B partly solubilized during incubation
without inoculum (Supplementary table 4.2). However, the amount of starch
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degraded during the first 24 h of fermentation of P14-B and N15-B was higher
than the solubilized part only (Figure 4.1-A). Samples containing 35-50 % RDS
(P14-A, N18-B, P22-B) were degraded for 60-80 % during the first 24 h of
incubation (Figure 4.1-B). The starch degradation in these samples continued up
to 48 h of incubation, but degradation rate slowed down for N18-B and P22-B.
P14-A was degraded to a larger extent than N18-B and P22-B, probably due to
the presence of a larger total amount of digestible starch within P14-A, compared
to N18-B and P22-B (Table 4.1). RS-3 preparations having <15 % RDS (N18-A,
N76-B, P40-B) behaved differently during 48 h of incubation (Figure 4.1-C).
Intrinsic RS-3 with a narrow disperse Mw distribution (N18-A and N76-B) were
degraded at a similar rate with = 40 % starch remaining after 48 h, whereas P40-B
(polydisperse Mw distribution) showed a different degradation pattern with
* 60 % starch remaining after 48 h.

SCFAs and lactic acid were quantified after fermentation (Figure 4.2); no succinic
acid was detected in the fermentation supernatants. Fermentation of the medium
blank resulted in low levels of SCFAs (total content of + 2 pmol/mg) and no lactic
acid was detected (Supplementary figure 4.1).

The results show that RS-3 preparations containing > 70 % RDS were rapidly
fermented to + 8-9 umol/mg acetate and + 4-4.5 umol/mg lactate during 48 h of
fermentation by this inoculum (Figure 4.2-A). Only minor amounts of butyrate
(£ 0.4 pmol/mg substrate) and no propionate were formed during fermentation
of these substrates. RS-3 preparations containing 35-50 % RDS were also
predominantly fermented to acetate and lactate, with < 0.7 umol/mg butyrate
and < 0.2 umol/mg propionate after 48 h of fermentation (Figure 4.2-B). An
increase in acid production was observed between 24 and 48 h of fermentation
for all substrates, in line with the decrease in starch recovery (Figure 4.1-B). After
48 h, P14-A reached a similar total amount of acids (+ 14.6 umol/mg) compared
to samples having > 70 % RDS, likely since it was also fully degraded after 48 h
of incubation (Figure 4.1-B). Fermentation of N18-B and P22-B resulted in lower
amounts of total acids produced (12.7 pmol/mg and 10.1 pmol/mg, respectively),
in line with the lower starch degradation (Figure 4.1-B). The production of
SCFAs and lactate during fermentation of RS-3 preparations > 35 % RDS resulted
in a drop in pH to 4 - 4.5 after 24 h.
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Figure 4.2. Short-chain fatty acid and lactic acid formation (umol/mg substrate) during 48 h of
fermentation of RS-3 preparations by pooled adult faecal inoculum. Figure A, B and C represent
RS-3 preparations containing > 70 % RDS, 35-50 % RDS or < 15 % RDS, respectively. The average of
biological duplicates is shown.

Fermentation of RS-3 preparations containing < 15 % RDS (P40-B and intrinsic
RS-3 (N18-A and N76-B)) resulted in different amounts of SCFAs and lactate
produced after 24 and 48 h of incubation (Figure 4.2-C). Intrinsic RS-3 substrates
(N18-A and N76-B) were predominantly fermented to acetate and butyrate (+ 2.0
and * 0.8 pumol/mg, respectively) after 24 h of incubation, whereas fermentation
of P40-B generated more acetate (+ 3.8 umol/mg) and also some lactate (0.6
umol/mg). The amount of additional acid produced after 48 h of fermentation
was low for P40-B (+ 1.2 pmol/mg), in line with the decreased starch degradation
rate (Figure 4.1-C). In contrast, the amount of additional acid produced was
much higher for N18-A and N76-B (4.2 and 3.7 pmol/mg, respectively), in line
with the increased starch degradation rate between 24 and 48 h of incubation
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(Figure 4.1-C). The production of SCFAs and lactate during fermentation
resulted in a lower pH for P40-B (pH =+ 4.7), compared to intrinsic RS-3 N18-A
and N76-B (pH + 5.3) at 24 h.

3.3. Partially digestible starch stimulates different microbial populations
compared to intrinsic RS-3

The changes in microbiota composition during fermentation of RS-3
preparations differing in RDS content were determined using 16S rRNA gene
sequencing and visualized using (-diversity analysis after centered-log-ratio
(CLR) transformation of relative abundances of ASVs (Figure 4.3).

The PCA plot shows that t0 samples clearly differed from the samples taken after
24 and 48 h of incubation (Figure 4.3-A), indicating that in vitro fermentation
selectively stimulated microbial populations compared to the initial inoculum.
After 24 and 48 h of fermentation, RS-3 preparations with >70 % RDS and
35 - 50 % RDS fully overlapped and clustered together (Figure 4.3-B, C), in
agreement with the similar SCFA profiles observed. Intrinsic RS-3 substrates
N18-A and N76-B clearly separated from RS-3 preparations having a high
fraction of digestible starch, in line with the different SCFA profiles. The
microbiota in fermented P40-B, with < 15 % RDS and + 25 % total digestible
starch, was closer to RS-3 preparations > 35 % RDS and separated clearly from
intrinsic RS-3 (N18-A and N76-B). In terms of starch degradation and SCFA
production, P40-B also differed from N18-A and N76-B (Figure 4.1-C, Figure 4.2-
C), but also did not resemble fermentation of RS-3 preparations > 35 % RDS.
PERMANOVA analyses confirmed a significant effect of % RDS and % RS on
microbiota composition after 48 h of fermentation using Aitchison (% RDS: P =
2e-04, % RS: P =0.0018), Unweighted UniFrac (% RDS: P = 1e-04, % RS: P =0.0059)
and Generalized UniFrac (% RDS: P = 7e-04, % RS: P = 2e-04) distances
(Supplementary table 4.4), indicating that both these factors contributed
significantly to the overall microbiota composition, the presence of certain taxa
and the abundance of those taxa.
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Figure 4.3. A: Ordination plot of CLR-transformed relative abundances of ASVs from fermented
RS-3 preparations by pooled adult faecal inoculum over time. Figure B and C refer to
CLR-transformed relative abundances of ASVs at t24 and t48, respectively.

The microbiota compositions in relative abundance during fermentation of RS-3
preparations differing in % RDS were determined at family level and indicated
that the microbiota composition at t0 obviously was quite similar for all
fermentations, with around 15 % Bifidobacteriaceae, 40 % Lachnospiraceae, 15 %
Ruminococcaceae, 5 % Bacteroidaceae and 3 % Oscillospiraceae (Figure 4.4).
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Figure 4.4. Microbiota composition in relative abundance at family level during 48 h of duplicate
fermentations of RS-3 preparations by pooled adult faecal inoculum. Figure A, B, C and D represent
>70 % RDS, 35-50 % RDS, < 15 % RDS and medium blank, respectively. Results of both biological
duplicates are indicated.

After 24 - 48 h of fermentation of RS-3 preparations containing > 35 % RDS and
P40-B, the relative abundance of Bifidobacteriaceae increased to = 80 %
(Figure 4.4-A-C). Fermentation of intrinsic RS-3 N18-A and N76-B (< 15 % RDS)
resulted in more diverse communities with an increase in relative abundance of
Bifidobacteriaceae to 40-50 %, + 20 % Lachnospiraceae and 5 % (N18-A) or 20 %
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(N76-B) Ruminococcaceae (Figure 4.4-C). Fermentation of intrinsic RS-3 substrates
N18-A and N76-B (< 15 % RDS) compared to P40-B (<15 % RDS) and RS-3
preparations > 35 % RDS resulted thus clearly in different microbial populations,
in line with the results shown in the PCA plots (Figure 4.3). Fermentation of the
medium blank, containing a minor amount of mSIEM carbohydrates and no
additional carbohydrate source, resulted in an increase in relative abundance of
Bifidobacteriaceae to 50 %, and showed presence of Lachnospiraceae,
Enterobacteriaceae, Bacteroidaceae and Acidaminococcaceae.

To further investigate the effect of % RDS on microbiota composition after 48 h
of fermentation, we looked at ASVs explaining = 2 % of the total relative
abundance within an individual sample and together explaining = 70 % of the
total relative abundance (Figure 4.5). The results show that the increase in
relative abundance of Bifidobacteriaceae as shown in Figure 4.4 for all samples,
can be explained by the presence of primarily two ASVs (Figure 4.5), both
showing a co-occurrence pattern across fermentations. Bifidobacterium 01 was
present in all fermented samples, varying from 19 % for SPS to 57 % for P40-B.
Bifidobacterium 02 was especially present in fermented samples containing > 35 %
RDS; the higher the amount of RDS, the higher the relative abundance of
Bifidobacterium 02 observed. In contrast, fermented intrinsic RS-3 substrates
(N18-A and N76-B) did show low (£ 4 %) relative abundance of
Bifidobacterium 02.  Figure 4.5 shows that both Lachnospiraceae  and
Ruminococcaceae as present in N18-A and N76-B were each primarily explained
by one ASV: Lachnospiraceae Family 1 and Ruminococcus 2, respectively. Both taxa
were hardly present in the fermented medium blank, indicating that these taxa
were likely involved in the fermentation of intrinsic RS-3. It is noteworthy that
the microbiota composition obtained after fermentation of P40-B, an RS-3
preparation with + 15 % RDS and + 10 % SDS (Table 4.1), showed no increase in
relative abundance of Lachnospiraceae Family 1 and Ruminococcus 2.
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Figure 4.5. Heatmap showing the relative abundance of taxa at ASV level > 2 % in at least one

individual sample after 48 h of fermentation of RS-3 preparations differing in % RDS and medium
blank using pooled adult faecal inoculum. The total relative abundance explained (%) is also

provided. The taxa are sorted by hierarchical clustering of Euclidean distances.
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3.4. Soluble starch and intrinsic RS-3 differ in fermentability by various microbial
populations

In vitro fermentation of RS-3 preparations differing in % RDS by pooled adult
faecal inoculum showed differences in starch degradation, SCFA formation and
microbiota composition, depending on the amount of digestible starch present.
To further investigate whether the fermentability of digestible starch versus
intrinsic RS-3 is universal or sample-specific, we incubated digestible starch
(SPS) and intrinsic RS-3 (N18-A and N76-B) with individual faecal inocula
obtained from 2 adults, 2 weaning 6-month-old infants and from the same 2
infants at 9-10 months old and quantified the SCFAs, lactic and succinic acid
produced after 48 h of fermentation (Supplementary table 4.5). Here, it is clearly
shown by an increase in SCFAs, lactic and succinic acid compared to the medium
blank that digestible starch was fermented by all faecal inocula, whereas intrinsic
RS-3 was obviously fermented by the faecal inoculum of only one adult.

4. Discussion

We examined the impact of the presence of a digestible starch fraction during in
vitro fermentation of RS-3 preparations by pooled adult faecal inoculum. Our
results show that the presence of such fraction within RS-3 preparations
influenced the fermentation rate, production of SCFAs and microbiota
composition. In vitro fermentation of RS-3 preparations containing > 25 % total
digestible starch within RS-3 preparations resulted in a different SCFA profile
and microbiota composition compared to intrinsic RS-3 (< 20 % digestible
starch). By analysis of the SCFAs produced after fermentation, it was shown that
digestible starch was obviously fermentable by an inoculum prepared of a pool
of four adult faecal samples and by 6 individual faecal inocula tested. In contrast,
as determined by additional SCFAs production compared to the medium blank,
intrinsic RS-3 was only fermentable by the pooled faecal inoculum and the
inoculum of 1 individual adult faecal sample, suggesting that intrinsic RS-3
requires different microbes to be effectively degraded than digestible starch.
Walker et al. (2011) studied the response of a diet high in RS-3 on the faecal
microbiota composition of overweight men and showed by quantifying
remaining starch in the faeces that some subjects were unable to ferment RS-3,
likely since they had low presence of Ruminococcus®l. In a follow-up study, the
ability to degrade RS was restored when faecal inoculum of one of the subjects
was supplemented with R. bromiil®, clearly demonstrating the need for
specialized microbes to achieve degradation of RS.
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Our results indicate that even a small proportion of digestible starch, such as
present within P40-B, an RS-3 preparation obtained from debranched waxy
potato starch crystallized in a B-type polymorph, could steer in wvitro
fermentation. The presence of the digestible fraction within P40-B caused an
initial fast fermentation and increased relative abundance of Bifidobacterium,
after which fermentation of the resistant fraction was not possible anymore.
However, in our previous study, we showed that pre-digested P40-B and
pre-digested P22-B (i.e. with an enriched RS fraction) behaved quite similarly to
intrinsic RS-3 in terms of fermentation rate, SCFA production and microbiota
composition (Chapter 353). Previously, something similar was shown for the
fermentability of isomalto/malto-polysaccharides (IMMPs)54, a soluble
starch-based dietary fibre, that consist of a long chain of linearly linked «-1,6
glucose residues, connected to a short a-1,4 linked glucose chainl!® 0. In vitro
fermentation of these IMMPs, with and without the presence of the «-1,4 linked
fraction showed that the microbiota favoured to ferment the a-1,4 linked fraction
(i.e. the digestible fraction) over the a-1,6 linked fraction, while once the a-1,4
linked fraction was depleted, the microbiota could not ferment the a-1,6 linked
fraction anymorel®. In contrast, when the a-1,4 linked fraction was removed
prior to fermentation, the microbiota was able to fully ferment the a-1,6 linked
fraction within 24 hi*4. Also these findings indicate that presence of a small
proportion of digestible starch could steer fermentation in vitro and thus
overrule the true fermentability of the dietary fibre studied. Although we and
others*" 31 found differences in fermentability of starches depending on the
presence of a digestible fraction, such differences were not always found.
Warren et al. (2018) studied in vitro fermentability of RS-3 preparations from
maize and potato starch using pig faecal inoculum and found a similar
microbiota composition after fermentation with and without a-amylase pre-
treatment!”l. Nevertheless, the pre-treated RS-3 preparations still contained a
digestible fraction, whereas different resistant starches (non RS-3) containing
low digestible starch stimulated different microbial populations!®7l.

As previously reported, a small proportion of digestible starch may arrive in the
colon!’®l and be fermented quickly by several different gut microbes, thereby not
affecting faecal microbiota composition!'’l. The resistant fraction will be further
fermented by highly specialized gut microbes, that need to be present within the
gut microbiome to achieve degradationl®?. When studying fermentability of
resistant starches in vitro, fast fermentation of the digestible fraction may cause
a drop in pH resulting in lactate accumulation and limiting further
cross-feeding!®, as observed during in vitro fermentation of RS-3 preparations
having > 35 % RDS (Figure 4.2). This is in agreement with Belenguer et al. (2007)
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who showed limited propionate and butyrate production at pH 5.2, while lactate
was accumulatingl®¥l. Fermentation of RS-3 preparations having >35 % RDS
resulted in a relative abundance of + 80 % Bifidobacteriaceae (Figure 4.4, 4.5),
which are known to ferment their substrates to acetate and lactatel® and of
which some species are known starch degraders!®l. Microbes differ in their pH
tolerance with e.g. Bifidobacterium being more acidic-pH tolerant than
Ruminococcus bromiil®ll. Probably due to the acidification observed, specialized
microbes able to degrade resistant starch could not grow anymore causing the
slowing down of the fermentation rate as observed in Figure 4.1. This clearly
illustrates that it is essential to be aware of the presence of a digestible fraction
when studying fermentability of resistant starches in vitro. Preferably, the
digestible fraction should be removed to study the prebiotic potential of resistant
starches, especially when a non-pH controlled system is used.

In our study, we quantified the amount of solubilized starch during incubation
of RS-3 preparations without inoculum and found especially an increased
solubilization for RS-3 preparations containing high amounts of digestible starch
(Supplementary table 4.2). Due to their solubility and in vitro digestibility, such
substrates are not likely to reach the colon in vivo. Although useful,
quantification of remaining starch during in vitro fermentation is often not
mentioned in literature. Bui et al. (2020) quantified the total amount of remaining
starch during in vitro fermentation?®l, but did not separate the insoluble and
potentially present soluble fractions. Some starches, such as Novelose® 330, a
commercial RS-3 ingredient prepared from high amylose maize starch, have low
solubility at room temperaturel®2. Low solubility of substrates might make
separation in soluble and insoluble fractions unnecessary, assuming that
insoluble starch degradation into soluble oligomers by gut microbes is slower
than the uptake and further conversion to SCFAs. RS-3 prepared from
debranched starches or low Mw a-1,4 glucans may partially solubilize during
incubationl5!, which makes quantification of soluble and insoluble fractions
during in vitro fermentation necessary.
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5. Conclusions

This study investigated the impact of the presence of a digestible starch fraction
during in vitro fermentation of RS-3 preparations. The results showed that the
presence of such digestible fraction, even when only present in a relatively small
amount, may steer in vitro fermentation and overrule the true fermentability of
the resistant starch fraction as would arrive in the colon in vivo. In order to
evaluate the prebiotic potential of resistant starch, quantification of the
remaining soluble and insoluble starch fractions after in vitro fermentation is
beneficial to draw valid conclusions. Starch should be considered a generic
carbohydrate for gut microbiota, fermentable by many different gut microbial
populations, whereas this is not the case for intrinsic RS-3. Our study shows that
awareness of the presence of a digestible starch fraction during in vitro
fermentation of resistant starches is essential to evaluate its prebiotic potential.
Depending on the research question, the digestible starch fraction within RS
(preparations) should be removed, especially when a non-pH controlled system
is used.
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7. Supplementary information

Supplementary table 4.1. Starch recovery (%) in soluble and insoluble fractions of duplicate
fermentations of different RS-3 preparations using pooled adult faecal inoculum during 48 h of
incubation.

Sample Time 0 h Time 24 h Time 48 h
name

Soluble Insoluble  Soluble Insoluble Soluble Insoluble

(%) (%) (%) (%) (%) (%)

P14-A 8.6 +0.0 83.6 +4.5 0.3+0.0 13.7 £ 1.1 0.2+0.0 1.4+09
P14-B 29.7+0.2 599+1.1 0.8+0.0 2.1+0.1 0.6+0.1 14+0.1
N15-B 11.6 £5.0 76.8 +0.6 0.4+0.1 9.8+0.7 0.3+0.2 4.0+0.0
P22-B 13.1+£0.0 75.1+£3.2 0.0+0.0 37.4+0.8 0.3+0.4 245+1.3
N18-A 29+0.2 87.7+11.1 0.3+0.0 72.5+7.1 0.2+0.0 309+1.5
N18-B 10.7+0.3 91.5+0.5 0.0+ 0.0 344+28 0.1+0.1 19.0+3.4
P40-B 8.5+1.6 92.1+7.3 0.1+0.0 69.0 +0.4 0.2+0.1 61.4+0.6
N76-B 1.2+0.0 99.8 +4.5 0.1+0.0 82.7+8.4 0.4+0.5 36.0+0.3
SPS 83.3+0.9 n.a. 0.6+0.0 n.a. 0.3+0.0 n.a.

Supplementary table 4.2. Starch recovery (%) in soluble and insoluble fractions of duplicate
incubations of RS-3 preparations during 48 h.

Sample Time 0 h Time 24 h Time 48 h
name

Soluble Insoluble Soluble Insoluble Soluble Insoluble

(%) (%) (%) (%) (%) (%)

P14-A 8.3+0.6 85.8+3.9 28.2+0.3 68.3+3.0 28.0+£0.1 65.6 +2.0
P14-B 29.7 +0.1 62.8+0.4 69.9 +1.8 27.8+0.7 719 +4.3 28.0+2.1
N15-B 15.1+£0.2 774 +1.5 32.4+0.6 62.4+2.6 314+1.7 61.0+1.5
P22-B 11.8+04 86.6 £ 0.3 20.2+0.5 76.2 +6.9 20.0+£0.8 793 +6.4
N18-A 1.9+£0.0 90.8 +5.4 6.5+0.7 83.4+9.1 6.7£0.2 88.4+2.7
N18-B 9.6 +0.3 94.0 +6.2 204 +1.4 81.9+2.5 20.7 +0.8 79.1+55
P40-B 10.2+0.1 88.3+4.2 153+1.0 83.8+5.7 15.7+£0.2 79.7 +13.7
N76-B 0.2+0.0 947 £ 1.6 09+0.3 101.3+£1.0 0.5+0.1 98.9 £ 3.0
SPS 100.6 +12.0 n.a. 99.1+0.9 n.a. 100.0 +1.3 n.a.
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Supplementary figure 4.1. SCFA and lactic acid content (umol/mg substrate) during 48 h of
incubation of the medium blank with pooled adult faecal inoculum. The average of biological

duplicates is shown.

Supplementary table 4.3. PERMANOVA of RDS, SDS and RS on Aitchison distances of ASVs,
Unweighted UniFrac and Generalized UniFrac distances on microbiota compositions of fermented
RS-3 preparations after 24 h of incubation.

Time 24 h Variable R2 Pr
RDS 0.27226 Te-04
Aitchison SDS 0.12272 0.0288
RS 0.1996 0.0017
Unweiehted RDS 0.41345 le-04
nwelghte SDS 0.18455 0.011
UniFrac
RS 0.21107 0.0048
G lized RDS 0.49388 3e-04
eneralized. SDS 0.13972 0.0568
UniFrac
RS 0.37032 0.001

Supplementary table 4.4. PERMANOVA of RDS, SDS and RS on Aitchison distances of ASVs,
Unweighted UniFrac and Generalized UniFrac distances on microbiota compositions of fermented
RS-3 preparations after 48 h of incubation.

Time 48 h Variable R2 Pr
RDS 0.28846 2e-04
Aitchison SDS 0.10182 0.0636
RS 0.19391 0.0018
Unweishted RDS 0.40323 Te-04
nweighte sDS 0.23791 0.0023
UniFrac
RS 0.19977 0.0059
Ceneralized RDS 0.39336 7e-04
enerafize SDS 0.09752 0.1143
UniFrac
RS 0.33754 2e-04
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Supplementary information 4.1.

In vitro batch fermentations using individual faecal inocula were performed as
previously described (Chapter 3) with minor differences. Individual faecal
inocula were prepared by diluting faecal slurries to 10 mg/mL in mSIEM. N18-A
and N76-B were weighed in duplicate in sterile 5 mL serum bottles (+ 10 mg dry
weight) and 1.8 mL mSIEM and 0.2 mL inoculum were added to reach final
substrate concentrations of + 5 mg/mL. Also samples with SPS (at + 5 mg/mL),
substrate blanks (+ 5 mg/mL, without inoculum) and medium blanks (without
additional substrate) were prepared. The serum bottles were capped with butyl
rubber stoppers and incubated at 37 °C, 100 rpm for 0 and 48 h.

Sampling was performed as described in section 2.2. SCFAs were analysed
according to Klostermann et al. as described in Chapter 3. The microbiota
composition of the faecal samples was obtained as described in section 2.5
(Supplementary figure 4.2).

1 = — B = = [0 Other
~09 I 4 = [| EH = [ Erysipelatoclostridiaceae
208 = = [0 Tannerellaceae
g 07 L — — [ Christensenellaceae
§ 06 | H | O Erysipelotrichaceae
205 ] [ Oscillospiraceae
g 0.4 ] [ Enterobacteriaceae
Z03 | [0 Peptostreptococcaceae
% 02 (] Enterococcaceae
& o1 — [ Bacteroidaceae

0 [ Streptococcaceae

& O S R ] Veillc?nellaceae
\"8) v.bo Q @3 R7 R/ ] Ruminococcaceae

[] Lachnospiraceae

Faecal sample O Bifidobacteriaceae

Supplementary figure 4.2. Microbiota composition (relative abundance) at family level of adult and
infant faecal samples at 6 and 9-10 months old.
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Supplementary table 4.5. SCFAs and other organic acids (umol/mg substrate) produced during
48 h of incubation of intrinsic RS-3 N18-A and N76-B, SPS and medium blank with different faecal
inocula. The average of biological duplicates is shown.

Inoculum Substrate Total SCFA A:P:B L S
(umol/mg) (umol/mg) (umol/mg)

N18-A 41+0.2 05:0.1:03 n.d. 0.5
N76-B 3.7+04 0.5:0.2:0.3 n.d. n.d.

Al SPS 8.2+0.1 09:0.0:0.1 2.9 0.4
Medium blank 3.0+0.1 0.5:0.2:0.3 n.d. n.d.
N18-A 71+1.1 05:0.1:04 n.d. n.d.
A2 N76-B 6.1+£0.1 0.6:0.1:0.3 0.1 n.d.
SPS 8.1+0.0 0.9:0.0:0.1 35 0.1
Medium blank 3.3+0.2 0.6:0.2:0.2 n.d. n.d.
N18-A 3.6+0.1 0.6:04:0.0 n.d. n.d.

B f6 N76-B 1.9+0.2 0.8:0.2:0.0 n.d. 0.2
- SPS 9.4 +0.1 0.9:0.1:0.0 0.0 n.d.
Medium blank 2.0+0.0 0.7:0.3:0.0 n.d. n.d.
N18-A 34+0.1 0.5:0.5:0.0 n.d. n.d.
B_p10 N76-B 2.6 +0.0 0.5:0.5:0.0 n.d. n.d.
- SPS 8.7+0.4 0.7:0.3:0.0 0.1 n.d.
Medium blank 2.4 +0.0 0.5:0.5:0.0 n.d. n.d.

N18-A 2.7+0.1 0.7:0.3:0.0 0.2 0.3

P_p6 N76-B 1.8+0.1 0.7:0.3:0.0 0.1 0.2
- SPS 5.6+0.2 1.0:0.0: 0.0 3.9 0.4
Medium blank 1.9+0.1 0.7:0.3:0.0 0.1 0.1
N18-A 45+0.3 0.5:04:0.1 n.d. n.d.
N76-B 3.4+0.0 0.5:04:0.2 n.d. n.d.
F_p9 SPS 2400  1.0:0.0:00 7.0 n.d.
Medium blank 3.1+0.0 0.5:0.3:0.2 n.d. n.d.

Al and A2 refer to adult faecal inocula, whereas B_f6 & B_p10 (infant B at 6 and 10 months old) and
P_p6 & P_p9 (infant P at 6 and 9 months old) refer to infant faecal inocula. The initial microbiota
compositions are shown in Supplementary figure 4.2. Total SCFAs include acetic, propionic and
butyric acid, whereas A : P : B give the ratio between these acids. L and S refer to lactic and succinic
acid, respectively. n.d. = non-detected.
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Chapter 5

Abstract

Piglets undergo stress during the weaning period, resulting in an imbalance in
gut microbial composition and activity, and potentially post-weaning diarrhoea.
Supporting the maturation of the gut microbiota is a strategy to prepare piglets
for weaning and prevention of diseases, and could be achieved by providing
dietary fibres such as resistant starch in the creep feed. We investigated the
prebiotic potential of four well-characterized retrograded starches (RS-3
preparations) for pre- and post-weaning piglets. These RS-3 preparations were
fermented in vitro using pooled faecal inoculum of 3-week-old (pre-weaning)
and 7-week-old (post-weaning) piglets. Depending on the physico-chemical
characteristics, RS-3 preparations contain a digestible starch (DS) fraction. RS-3
preparations containing a high amount of DS (= 75 %) were fully fermented by
both faecal inocula within 48 h. Such substrates generated mostly butyrate when
fermented by pre-weaning piglet faecal inoculum, whereas mostly propionate
was found during fermentation by post-weaning piglet faecal inoculum.
Bacterial genera Prevotella and Megasphaera increased in relative abundance after
fermentation by both inocula, whereas Streptococcus and Selenomonas increased
in relative abundance when fermented by pre-weaning or post-weaning piglet
faecal inocula, respectively. Highly resistant or so-called intrinsic RS-3 (= 80 %
RS) was hardly degraded by pre-weaning piglet faecal microbiota, whereas it
was slowly fermented by post-weaning piglet faecal microbiota, stimulating
specific phylotypes (ASVs) within Prevotella and Roseburia. This study shows that
partially resistant RS-3 preparations might be beneficial dietary fibres for pre-
weaning piglets by promoting short-chain fatty acid (SCFA) production, while
intrinsic RS-3 was hardly fermentable. Intrinsic RS-3 substrates might be
beneficial as a prebiotic for post-weaning piglets by stimulating potential health-
beneficial Prevotella and Roseburia.
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1. Introduction

In commercial pig husbandry, piglets are weaned around 3-4 weeks of agell,
which is much younger than the age of 15-22 weeks in naturel?l. This acute early
weaning causes stress, since piglets are removed from the sow and need to adjust
from an easily-digestible liquid milk diet to a more complex plant-based solid
feed®l. Due to this acute change, feed intake usually decreases, resulting in
undernutrition and weight loss!*l. In addition, weaning could possibly cause a
disbalance in gut microbiota composition, which gives the opportunity for
enterotoxigenic E. coli (ETEC) to proliferate resulting in post-weaning diarrhoea
(PWD), dehydration and even death®. PWD can be overcome effectively by the
use of antibiotics, such as colistinl, or therapeutic doses of zinc oxidel”.
However, the preventive use of antibiotics and zinc oxide is forbidden in the
EUEI due to increasing antibiotic resistance and environmental impact. Potential
alternatives to decrease the post-weaning stress and potential incidence of PWD
comprise nutritional strategies!®! such as inclusion of probiotics!'?, prebiotics!'!-
14, digestive enzyme cocktails!'sl or environmental changes such as enriched
housingl16 171,

The gut microbiota composition of piglets during the first weeks of life changes
dramatically when switching from sow’s milk to a plant-based starter diet.
Relative abundances of e.g. Bacteroidaceae and Enterobacteriaceae were shown to
decline when changing to a starter diet, whereas Lactobacillaceae,
Ruminococcaceae, Veillonellaceae and Prevotellaceae were shown to increasellsl,
Healthy 2-weeks post-weaning piglets were shown to have higher relative
abundance of Prevotellaceae, Lachnospiraceae, Ruminococcaceae and Lactobacillaceae,
compared to diarrheic piglets!’l. Pre-weaning supplementation of prebiotics
such as dietary fibres has been shown to support faster maturation of the gut
microbiota and to have positive effects on intestinal barrier function, microbiota
composition and production of short-chain fatty acids (SCFAs)"!, compared to
piglets not receiving such dietary fibres('4l. A wide variety of dietary fibres have
been tested in vivo for their prebiotic pre-weaning potential, such as inulin29,
fructo-oligosaccharidesl?!l, galacto-oligosaccharides (GOS)?2], arabinoxylans!!®
and {-glucans!'? or a combination of dietary fibres!' 2. It has also been
suggested that resistant starch as a prebiotic may reduce the incidence of PWD
and associated mortalityl?4.

Starch is the main energy source of pigs and, depending on the source, is fully
digested in the small intestine of growing pigs/®! or partially fermented in the
colonl?®l. Based on the Englyst in vitro digestion model, digestion kinetics can
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divide starch into three different fractions: rapidly digestible starch, slowly
digestible starch and resistant starch!?’l. Resistant starch is the starch fraction that
is expected to escape digestion in the upper gastro-intestinal tract (GIT) and to
be subject to fermentation in the ileum or colon of pigs. Although total tract
digestibility of starch as measured in faeces is mostly complete in growing pigs,
ileal digestibility differs depending on, among others, the botanical sourcel?],
processing(?’l and the amount of starch supplemented!?. Pancreatic a-amylase
activity in piglets increases with agel® with a 6-fold increase in 3-week-old
piglets compared to new-bornsl®ll. Subsequently, the amylase activity increases
further until similar activities were observed between 10-14 week-old pigs and
6-month-old pigsl®?. Consequently, starch hydrolysis within the small intestine
of piglets 0-10 days post-weaning was lower, compared to starch hydrolysis
14-28 days post-weaning, that was similar to growing pigs and sowsl®l. This
indicates that the proportion of digestible starch as defined by Englyst et al.
19921271 reaching the ileum or colon depends on the age of the piglet, and
consequently a proportion of digestible starch may be subject to fermentation in
young piglets.

Different types of resistant starch exist of which RS-1 (starch locked due to a cell-
wall matrix, such as in whole cereals) and RS-2 (native granules, such as high-
amylose maize starch)(4 are quite common in the pig diet!®. RS-3 refers to
retrograded starch®l and can be prepared after starch gelatinization and cooling
to recrystallize the starch molecules. RS-3 preparations, made by crystallizing
a-1,4 glucans in a controlled way, may contain an in vitro digestible fraction,
depending on physico-chemical parameters such as crystal type, chain length
and molecular weight distribution (Chapter 213¢). Some RS-3 preparations made
from short a-1,4 glucans were shown to be highly resistant to digestion (80-95 %
RS)136:371, therefore called “intrinsic RS-3".

So far, no studies investigated the prebiotic potential of RS-3 (preparations) for
pre- and post-weaning piglets. Raw potato starch (RS-2) was shown to increase
colonic lactobacilli and Bacteroides in nursing piglets!®], whereas high-amylose
maize starches were shown to increase caecal and colonic Bifidobacterium!3! and
proximal colonic lactobacilli and bifidobacteria in nursing piglets(®.
Nevertheless, in an in vitro study it was shown that faecal microbiota of pre-
weaning piglets fermented raw potato starch (RS-2) poorly, whereas gelatinized
potato starch was fermented properly!®l. In contrast, in the same study, faecal
microbiota obtained from adult pigs was able to ferment both raw and
gelatinized potato starch’l. In adult pigs it was shown that a commercial RS-3
(= 50 % RS) was fully fermented in the caecum and positively influenced the
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SCFA production and microbiota composition!*!l. However, the fermentability of
RS-3 preparations by faecal inoculum of pre- and post-weaning piglets and the
effects of such substrates on microbiota composition are unknown.

We investigated the prebiotic potential of four RS-3 preparations varying in
physico-chemical characteristics and in vitro digestibility for pre- and post-
weaning piglets. Faeces of pre- (3-week-old) and post- (7-week-old) weaning
piglets was collected, pooled per age and used as inoculum for in wvitro
fermentation. The fermentation kinetics were followed over time by quantifying
the remaining soluble and insoluble starch fractions and SCFAs generated. The
changes in microbiota composition were evaluated after 16S ribosomal (rRNA)
gene sequencing and the starch morphology during in vitro fermentation was
visualized using scanning electron microscopy.

2. Materials and methods

2.1. Materials

All medium components used for the in vitro fermentation were obtained from
Tritium Microbiologie (Eindhoven, The Netherlands). L-cysteine-hydrochloride,
2-(N-morpholino)ethanesulfonic acid and soluble potato starch (SPS) were
obtained from Sigma-Aldrich (St. Louis, Missouri, USA).

2.1.1. RS-3 preparations

RS-3 preparations were prepared by crystallizing a-1,4 linked glucans obtained
from either debranched highly branched potato starch (HBPS, Mw + 100 kDa,
8 % branch points, AVEBE (Veendam, The Netherlands)) (P14-A) or enzymatic
synthesis (N18-A, N18-B, N32-B) as reported previously (Chapter 203¢l). The
physico-chemical characteristics and in wvitro digestibility of the RS-3
preparations are summarized in Table 5.1 and discussed in the results section.

2.1.2. Faecal slurry

Faecal samples were obtained from cross-bred piglets (Danbred x Piétrain;
INNSOLPIG, Aalter, Belgium) of mixed gender (gilts and castrated boars) and
normal weight that had not been exposed to antibiotics. From the age of 6 days
piglets had ad-libitum availability to an experimental solid creep feed (Prestarter
diet (Supplementary table 5.1), Nuscience Group, Apeldoorn, The Netherlands)
until weaning at 19+2 days of age. From weaning until 40 days old, the piglets
were fed an experimental weaning diet (Supplementary table 5.1, Nuscience
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Group) followed by an experimental starter diet (Supplementary table 5.1,
Nuscience Group). Pre-weaning faecal samples were collected from healthy
piglets (3 castrated boars, 5 gilts) of different sows around 18+2 days of age.
Post-weaning piglet faecal samples were collected at 49+2 days (3 castrated
boars, 6 gilts). Seven of the piglets sampled pre-weaning were also sampled post-
weaning. Faecal samples were obtained by stimulating the rectum with a sterile
swap and collecting the faeces directly into a sterile 50 mL container with a filter
screw cap (Greiner Bio-One CELLSTAR™ tube, Kremsmiinster, Austria). The
container was placed inside a pouch with a BD GasPak EZ anaerobe gas
generating system with indicator (BD Diagnostics, Sparks, Maryland, USA) and
transported cold, using cooling elements, to the laboratory and stored at 4 °C for
maximum 24 h until processing. Equal masses of the faeces collected
individually from either pre-weaning piglets or post-weaning piglets were
pooled under anoxic conditions (4 % Hz, 15 % COs2, 81 % N2, Bactron 300, Sheldon
Manufacturing, Cornelois, USA) and diluted to 25 % w/v using pre-reduced PBS-
glycerol containing 10 % glycerol, 0.5 mg/L resazurin and 0.4 g/L L-cysteine-
hydrochloride. The final faecal slurries were snap-frozen using liquid nitrogen
and stored at -80 °C prior to use.

2.2. In vitrobatch fermentation of RS-3 preparations

The culture medium was based on Standard Ileal Efflux Medium (SIEM)[42! with
minor modifications (0.592 g/L carbohydrates) as described in Chapter 343! and
referred to as mSIEM. The medium was stored overnight in an anaerobic
chamber to remove the head-space oxygen. Culture medium containing
11.11 mg/mL soluble potato starch (mSIEM + SPS) was prepared as described
previously (Chapter 31#3). Approximately 20 mg (dry weight) of the RS-3
preparations (Table 5.1) were weighed in duplicate in sterile 5 mL serum bottles
for each individual sampling time and stored overnight in the anaerobic
chamber. For the experiment using pre-weaning piglet faecal inoculum, we
incubated P14-A, N18-A, N18-B and SPS, whereas we included one more
intrinsic RS-3 (N32-B) using post-weaning faecal inoculum. From preliminary
results it was observed that N32-B was hardly fermented by pre-weaning piglet
faecal microbiota (data not shown).

In the anaerobic chamber, inoculum was prepared by diluting faecal slurry to
10 mg/mL faeces in mSIEM. An aliquot of 1.8 mL mSIEM or 1.8 mL mSIEM + SPS
and 0.2 mL inoculum were added to the serum bottles to reach final substrate
concentrations of + 10 mg/mL. Medium blanks (without additional substrate,
including mSIEM carbohydrates) and substrate blanks (without inoculum) were
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also prepared. The serum bottles were capped with butyl rubber stoppers and
incubated at 39 °C, 100 rpm for 0, 8, 24, 36 and 48 h.

At given time points, samples were collected as described previously
(Chapter 3#31). Briefly, the serum bottles were decapped and the contents were
transferred to Safe-Lock Eppendorf tubes (Eppendorf, Hamburg, Germany) and
centrifuged at 4 °C, 20,000 x g for 10 min. The supernatant and pellet were
separated and further processed as previously described (Chapter 3143). The
supernatant was heated in Safe-Lock Eppendorf tubes to 100 °C, 800 rpm for 10
min in an Eppendorf shaker and stored at -20 °C until analysis. The pellet was
snap-frozen using liquid nitrogen and freeze-dried.

2.3. Total starch quantification

Starch was quantified in the supernatants and freeze-dried pellets obtained after
in vitro fermentation using the Megazyme Total Starch Kit (AA/AMG)
(Megazyme, Wicklow, Ireland) according to the company protocol and adjusted
for smaller sample sizes as previously described (Chapter 3143). Freeze-dried
pellets containing N18-A and N32-B were solubilized using 1.7 M NaOH,
whereas freeze-dried pellets containing P14-A and N18-B were solubilized by
boiling, as described in Chapter 3143, After appropriate neutralization, dilution
and enzymatic hydrolysis of the solubilized starch, free glucose content was
analysed using the GOPOD assay kit (Megazyme) as described previously
(Chapter 31431).

2.4. Short-chain fatty acids and other organic acids produced by fermentation

SCFAs, branched-chain fatty acids (BCFAs), lactic and succinic acid were
analysed as described in Chapter 33l using an HPLC-RI/UV (Dionex, Sunnyvale,
California, USA) with an Aminex HPX-87H column (Bio-Rad laboratories Inc,
Hercules, California, USA). Standard curves of acetic, propionic, butyric,
isobutyric, isovaleric, lactic and succinic acid were prepared (0.05 — 2 mg/mL)
for quantification.

2.5. Scanning Electron Microscopy

An aliquot of 20 pL of substrates P14-A, N18-B, N18-A and N32-B fermented by
post-weaning piglet faecal inoculum were air-dried on 13 mm filters with 10 um
pores (Merck Isopore™ membrane filter (Merck, Burlington, Massachusetts,
USA)) and attached to sample holders containing carbon adhesive tabs (EMS,
Washington, USA) and sputter coated with 12 nm tungsten (EM SCD 500, Leica,
Vienna, Austria). The samples were analysed using Scanning Electron
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Microscopy (SEM) (Magellan 400, FEI, Eindhoven, The Netherlands) at the
Wageningen Electron Microscopy Center. SEM images were recorded at an
acceleration voltage of 2 kV and 13 pA and magnification of 10,000 and 25,000
times (Through Lens Detector). Unfortunately, we did not have fresh samples
available for SEM analysis after in vitro fermentation of RS-3 preparations using
pre-weaning piglet faecal microbiota.

2.6. Microbiota composition & data analysis

Microbiota composition was analysed in freeze-dried pellets obtained after in
vitro fermentation, as described previously (Chapter 34I). In short, DNA was
isolated and duplicate PCRs were performed using purified DNA and the
barcoded primer pair 515F44-806R!45] to amplify the V4 region of the 165 rRNA
gene. The PCR products were pooled in equimolar amounts, together with a no-
template control and two mock communities of known composition, and the
libraries were sent for Illumina Hiseq2500 (2 x 150 bp) sequencing (Novogene,
Cambridge, UK). Raw sequence data of the 16S rRNA gene amplicons was
processed using the NG-Tax 2.0 pipeline and default settings/*l. Taxonomy of
each amplicon sequence variant (ASV) was assigned based on the SILVA
database version 138.1#7 4], Data was analysed using R version 4.1.0 and the R
packages phyloseq version 1.38.01#], microbiome version 1.17.4215% and microViz
version 0.10.1651. Relative abundance of microbial taxa was calculated based on
the 16S rRNA gene sequence read counts. Taxa with unidentified genus were
renamed to the lowest classified taxonomic rank and sorted based on taxon
abundance, e.g. the ASV of Enterobacteriaceae Family 01 is the most abundant
ASV of unidentified genus of Enterobacteriaceae. Principle component analysis
(PCA) and principle coordinate analysis (PCoA) were used to visualize the
microbiota variation between substrates after centered-log-ratio (CLR)
transformation of ASVs or Generalized UniFrac distances (i.e. taking
phylogenetic relatedness and relative abundance of taxa into account, with an
extra parameter a controlling the weight of abundant lineages!®?) and
Unweighted UniFrac distances (i.e. taking phylogenetic relatedness between
taxa, but not relative abundance of taxa into account), respectively. The standard
deviation obtained from two biological duplicates is shown in the figures.
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3. Results

The in vitro fermentability of RS-3 preparations by pooled faecal inoculum
obtained from pre-weaning (3-week-old, section 3.1) and post-weaning
(7-week-old, section 3.2) piglets was studied. The RS-3 preparations differed in
crystal type, Mw (DPn) and Mw distribution (PI) (Table 5.1) and were prepared
previously (Chapter 20¢l). The sample name were named after the
physico-chemical characteristics: P: polydisperse; PI 21.3, N: narrow disperse;
PI<1.25 - DPn and crystal type A/B. In vitro digestion using porcine pancreatin
and amyloglucosidase revealed that these RS-3 preparations differed in the
proportion of rapidly digestible (RDS), slowly digestible (SDS) and resistant
starch content (RS) (Chapter 2%¢) as defined by Englyst et al., 1992271 P14-A and
N18-B both contained a large proportion of in vitro digestible starch, whereas
N18-A and N32-B were so-called intrinsic RS-3 (= 80 % RS). In the in vitro
fermentation experiments also fully rapidly digestible soluble potato starch
(SPS) was taken along as positive control.

Table 5.1. Characteristics of RS-3 preparations and SPS used in this study, data obtained from
Klostermann et al. (2021)[3¢]

Sample  Reported Crystal DPn  PI RDS (%)  SDS (%) RS (%)

name in ref 36 type

SPS - - - 100 - -
P14-A dHBPS-A A 14 1.33 40.1+54 447+89 152+3.6
N18-A sG5-A A 18 121 124+91 -03+6.1 88.0+3.8
N18-B sG5-B B 18 121 50.7+04 234+3.0 259+33
N32-B sG20-B B 32 1.14 79+7.6 -28+£5.0 94927

DPn (number-based degree of polymerization) and PI (polydispersity index) were determined
using HPSEC-RI, crystal type was determined using XRD and rapidly digestible starch (RDS),
slowly digestible starch (SDS) and resistant starch (RS) were determined after digestion using
pancreatin and amyloglucosidasel®l.

3.1. Fermentability of RS-3 preparations by pre-weaning piglet faecal microbiota

RS-3 preparations P14-A, N18-A and N18-B (Table 5.1) and SPS were incubated
with pooled faecal inoculum obtained from pre-weaning piglets for 48 h. Starch
degradation, SCFAs, BCFAs, lactic and succinic acid were quantified over time,
and the changes in microbiota composition were evaluated.

The total starch degradation during in vitro fermentation of RS-3 preparations
was evaluated (Figure 5.1) by quantifying the remaining soluble and insoluble
starch fraction at given time points (Supplementary table 5.2). The total starch
recovery at all time-points was normalized for starch recovery found at t0.
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Figure 5.1. Starch recovery after in vitro batch fermentation of RS-3 preparations P14-A, N18-B and
N18-A and SPS with pooled pre-weaning piglet faecal inoculum for 0, 8, 24, 36 and 48 h. All starch
recovery values were normalized for starch recovery found at t0. The average of biological
duplicates is shown, the error bars represent the standard deviation and might be smaller than the
marker used.

Soluble potato starch (SPS) (0 % RS) was fully degraded by pre-weaning piglet
faecal microbiota within 24 h of incubation (Figure 5.1). P14-A (polydisperse
DPn 14 a-1,4 glucans in an A-type crystal (+ 15 % RS)) and N18-B (narrow
disperse DPn 18 a-1,4 glucans in a B-type crystal (= 26 % RS)) were degraded
slower than SPS, with 30 % and 50 % starch remaining after 24 h. After 48 h of
incubation, P14-A was fully degraded, whereas N18-B was degraded for + 85 %.
Intrinsic RS-3 N18-A, prepared from similar Mw a-1,4 glucans compared to
N18-B but crystallized in an A-type crystal (= 88 % RS), was hardly degraded
during 48 h of incubation and thus behaved differently than other RS-3
preparations in terms of in vitro fermentation by pre-weaning piglet faecal
microbiota.

RS-3 preparations incubated without faecal inoculum (Supplementary table 5.3)
showed that RS-3 preparations P14-A and N18-B partially solubilized during
incubation (33.8 and 21.9 % at 24 h of incubation, respectively). However, after
24 h of incubation with faecal inoculum (Supplementary table 5.2), no soluble
starch was detected anymore, indicating that soluble starch was fermented prior
to insoluble starch.

After fermentation of RS-3 preparations and SPS by pre-weaning piglet faecal
microbiota, the SCFAs, BCFAs, lactic and succinic acid were quantified at the
given time points (Figure 5.2).
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Figure 5.2. Short-chain fatty acids, branched-chain fatty acids, lactic and succinic acid formation
(umol/mg substrate) during 48 h of incubation of RS-3 preparations with pooled pre-weaning piglet
faecal inoculum. A: SPS and RS-3 preparations P14-A and N18-B, B: Intrinsic RS-3 N18-A and the
medium blank. The average of biological duplicates is shown, the error bars represent the standard
deviation.

Fermentation of SPS, P14-A and N18-B generated a similar total amount of acids
after 48 h of incubation (5.6, 5.8 and 5.9 umol/mg substrate, respectively) (Figure
5.2-A), but the rate of acid production differed among the substrates, in line with
differences in starch degradation rate (Figure 5.1). Furthermore, the ratio
between acetate, propionate and butyrate after fermentation differed, with SPS
generating relatively more propionate, whereas P14-A and N18-B generated
more butyrate (ratio1:1.8 : 2.1 (SPS), 1:2.1:5.6 (P14-A) and 1:2.0: 4.1 (N18-
B), after 48 h of incubation). Fermentation of P14-A also generated some
succinate (0.3 pmol/mg substrate after 48 h), which was not observed after
fermentation of N18-B. Intrinsic RS-3 N18-A generated a much lower total
amount of acids (3.3 umol/mg substrate after 48 h) compared to RS-3

145




Chapter 5

preparations containing digestible starch (P14-A, N18-B) (Figure 5.2).
Nevertheless, fermentation of N18-A generated slightly more acids than the
medium blank (1.9 umol/mg substrate after 48 h), indicating some additional
fermentation, although no clear starch degradation was demonstrated
(Figure 5.1). The ratio of acetate, propionate and butyrate after 48 h of
fermentation of N18-A was rather similar to that of the medium blank (N18-A:
1:1.1:0.7, vs medium blank: 1:1.2: 0.6, after 48 h).

The results across treatments show that pre-weaning piglet faecal microbiota
favoured to ferment the RS-3 preparations to relatively high amounts of
butyrate. Additionally, minor amounts of isovaleric acid (max 0.18 pmol/mg for
N18-A) were generated, indicating slight proteolytic fermentation!®3l.

Beta-diversity of microbiota compositions obtained after 0, 24 and 48 h of in vitro
fermentation of RS-3 preparations was determined and CLR-PCA, Unweighted
UniFrac-PCoA and Generalized UniFrac-PCoA showed that the pooled faeces
and t0 clearly differed from the samples taken after 24 and 48 h of incubation
(Supplementary figure 5.1), indicating that in vitro fermentation selectively
stimulated microbial populations, compared to the inoculum. Furthermore, the
results show that SPS and RS-3 preparations containing a digestible fraction
(P14-A and N18-B) differed from intrinsic RS-3 N18-A and the medium blank
(Supplementary figure 5.1). Especially Generalized UniFrac-PCoA showed
slightly different microbial communities after 24 or 48 h of fermentation of P14-A
and N18-B, indicating that the relative abundance of some taxa, already present
at t24, especially changed during the second day of fermentation
(Supplementary figure 5.1-C).

The microbiota compositions after 0, 24 and 48 h of in vitro fermentation of RS-3
preparations by pre-weaning piglet faecal microbiota were evaluated at family
level (Figure 5.3) and the microbiota composition of all samples at t0 appeared
similar to the initial microbiota composition of the pooled faeces, and consisted
for the largest part of approximately 14 % Oscillospiraceae, 13 % Lactobacillaceae,
10 % Clostridiaceae, 9 % Bacteroidaceae, 8 % Lachnospiraceae and
7 % Christensenellaceae, among others. Fermentation of SPS, P14-A and N18-B by
pre-weaning piglet microbiota resulted primarily in an increase in relative
abundance of Streptococcaceae (+45 %) (Figure 5.3-A). Fermentation of SPS and
P14-A also caused an increase in relative abundance of Clostridiaceae (+ 10-20 %)
and Veillonellaceae (£ 20 %). Additionally, a slight increase in Prevotellaceae (+ 15
%) after 48 h of fermentation of P14-A was observed. Fermentation of N18-B by
pre-weaning piglet faecal microbiota caused, next to the increase in relative

146



Prebiotic potential of RS-3 preparations for piglets

abundance of Streptococcaceae, also an increase in Prevotellaceae (+ 30 %) after 48
h of fermentation. Fermentation of N18-A by pre-weaning piglet microbiota
increased the relative abundance of Enterobacteriaceae, Prevotellaceae and
Bacteroidaceae (Figure 5.3-B), but did not result in pronounced differences
compared to fermentation in the medium blank.
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Figure 5.3. Microbiota composition in relative abundance at family level during 48 h of duplicate
fermentations of RS-3 preparations by pooled pre-weaning piglet faecal microbiota. A: SPS and RS-3
preparations P14-A and N18-B. B: Intrinsic RS-3 N18-A. C: Medium blank and original pooled
faeces. Results of both biological duplicates are indicated. The families shown are most abundantly
present and contribute together to > 80 % of the total relative abundance within a sample.
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To have a deeper insight in microbiota composition after fermentation, we
analysed the microbiota composition at ASV level. The heatmap shows the
relative abundance of ASVs present =2 % within a fermented sample and in total
explaining + 80 % of the relative abundance (Supplementary figure 5.2). The
relative abundances as shown at family level (Figure 5.3) were primarily
explained by one ASV, with especially an increase of Streptococcus 01 after
fermentation of SPS, P14-A and N18-B. All fermentations caused an increase of
Prevotella_9 01 compared to the medium blank, except fermentation of SPS,
lacking Prevotella_9 01 completely. For P14-A and P18-B, this increase in relative
abundance of Prevotella_9 01 was primarily observed during the last 24 h of
incubation. Fermentation of SPS and P14-A also caused an increase in relative

abundance of Megasphaera 01 (Veillonellaceae), primarily during the last 24 h of
incubation.

3.2. Fermentability of RS-3 preparations by post-weaning piglet faecal
microbiota

The same RS-3 preparations were also incubated with pooled faecal inoculum
obtained from post-weaning piglets, while one additional intrinsic RS-3 was
included (N32-B; Table 5.1).

The total starch degradation was evaluated by quantifying the remaining soluble
and insoluble starch fraction at given time points during incubation with
(Figure 5.4, Supplementary table 5.4) and  without faecal inoculum
(Supplementary table 5.5).
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Figure 5.4. Starch recovery during in vitro batch fermentation of RS-3 preparations and soluble
starch with pooled post-weaning piglet faecal inoculum for 0, 8, 24, 36 and 48 h. All starch recovery
values were normalized for starch recovery found at t0. The average of biological duplicates is
shown, the error bars represent the standard deviation and might be smaller than the marker used.
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Complete degradation of SPS occurred during the first 24 h of incubation with
post-weaning piglet faecal microbiota (Figure 5.4), similar to results obtained for
pre-weaning piglet faecal microbiota (Figure 5.1). Approximately 50 % of P14-A
and N18-B were degraded within the first 24 h of incubation, after which P14-A
was fully degraded, whereas N18-B was degraded for + 80 % during the second
24 h of incubation (Figure 5.4). P14-A and N18-B were degraded similarly by
post- and pre-weaning piglet faecal microbiota (Figure 5.4 vs Figure 5.1), with a
slightly higher degradation rate of P14-A compared to N18-B by both faecal
inocula. In contrast, post-weaning piglet faecal microbiota degraded intrinsic
RS-3 N18-A especially during the last 24 h of incubation for + 32 % (Figure 5.4),
whereas no clear degradation was observed by pre-weaning piglet faecal
microbiota (Figure 5.1). We also incubated another intrinsic RS-3 substrate,
N32-B with a B-type crystal, using post-weaning piglet faecal microbiota, and
also here we found clear degradation of the substrate for + 25 % during 48 h of
incubation (Figure 5.4). Although post-weaning faecal microbiota clearly
degraded intrinsic RS-3, the degradation rate was much lower compared to more
digestible starches SPS, P14-A and N18-B.

The SCFAs, BCFAs, lactic and succinic acid were quantified for different time
points (Figure 5.5). Fermentation of SPS by post-weaning piglet faecal microbiota
generated acetate, propionate and butyrate to similar levels after 24 and 48 h of
incubation, (6.1 pumol/mg substrate) (Figure 5.5-A), with a ratio of acetate,
propionate and butyrate of 1:1.8:1.5 after 48 h. Fermentation of P14-A and
N18-B was more gradual with total acids of 4.5 and 6.1 umol/mg substrate
(P14-A) and 4.1 and 7.3 pumol/mg substrate (N18-B) after 24 and 48 h of
fermentation and differed in acetate, propionate and butyrate ratio (1:1.9 : 1.3
for P14-A and 1 : 1.8 : 0.5 for N18-B, at 48 h). N18-B thus generated more
propionate, compared to SPS and P14-A. Fermentation of these substrates by
pre-weaning piglet faecal microbiota caused similar total amounts of acids
formed, but generally generated more butyrate.

Fermentation of intrinsic RS-3 substrates N18-A and N32-B generated lower
amounts of acids (+ 3.5 and 3.3 pmol/mg substrate after 48 h, respectively)
(Figure 5.5-B), compared to partially digestible RS-3 substrates, in line with the
starch recovery (Figure 5.4). Nevertheless, these intrinsic RS-3 substrates
generated slightly more acids compared to fermentation of the medium blank
(2.0 pm/mg), with an acetate, propionate and butyrate ratio of 1:1:0.5 (N18-A),
1:0.9:05 (N32-B) and 1 : 0.5 : 0.4 (medium blank) after 48 h of incubation.
Comparing in vitro fermentation of intrinsic RS-3 N18-A by pre- vs post-weaning
piglet faecal microbiota (Figure 5.2-B vs Figure 5.5-B), a similar total acid level
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(3.3 vs 3.5 umol/mg substrate) with approximately similar ratios between SCFA,
indicating a rather similar microbial activity. Nevertheless, intrinsic RS-3 was
clearly degraded more by post- compared to pre-weaning piglet faecal
microbiota (Figure 5.1 vs Figure 5.4).
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Figure 5.5. Short-chain fatty acid, branched-chain fatty acid, lactic and succinic acid formation
(umol/mg substrate) during 48 h of incubation of RS-3 preparations with pooled post-weaning
piglet faecal inoculum. A: RS-3 preparations containing > 70 % digestible starch. B: Intrinsic RS-3
and the medium blank. The average of biological duplicates is shown, the error bars represent the
standard deviation.

The microbiota composition obtained after 0, 24 and 48 h of in vitro fermentation
of RS-3 preparations by post-weaning-piglet faecal microbiota was visualized
using PCA of CLR-transformed relative abundances of ASVs and PCoA using
Unweighted and Generalized UniFrac distances (Supplementary figure 5.3) and
indicated that the pooled faeces and t0 clearly differed from the samples taken
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after 24 and 48 h of incubation. Distinction between substrates based on
B-diversity was much less clear for post-weaning piglet faecal microbiota,
compared to pre-weaning piglet faecal microbiota (Supplementary figure 5.1).
Unweighted UniFrac-PCoA showed clear clustering of SPS, P14-A and N18-B
both after 24 and 48 h of fermentation (Supplementary figure 5.3-B), indicating
similar presence of unique taxa among these substrates at both time-points.
Interestingly, Unweighted UniFrac distances of fermented intrinsic RS-3 N18-A,
N32-B and medium blank differed between 24 and 48 h, indicating different
unique taxa among these substrates between 24 and 48 h of incubation.

The microbiota compositions after 0, 24 and 48 h of in vitro fermentation of RS-3
preparations by post-weaning piglet faecal microbiota were evaluated at family
level (Figure 5.6) and the microbiota composition of all samples at t0 appeared
similar to the initial microbiota composition of the pooled faeces and consisted
of approximately 21 % Clostridiaceae, 18 % Prevotellaceae, 9 % Lactobacillaceae,
7 % Lachnospiraceae, 6 % Ruminococcaceae and 5 % Oscillospiraceae, among others.
Fermentation of SPS caused an increase in relative abundance to * 30-40 %
Prevotellaceae, + 10 % Selenomonadaceae and =+ 10-20 % Veillonellaceae
(Figure 5.6-A). Fermentation of P14-A and N18-B resulted in rather similar
microbiota compositions with 40 % (P14-A) or * 20-30 % (N18-B)
Selenomonadaceae, and + 20 % (P14-A) or 40 % (N18-B) Prevotellaceae after 48 h of
fermentation. Fermentation of intrinsic RS-3 N18-A and N32-B by pooled post-
weaning piglet faecal microbiota resulted in a slightly different microbiota
composition compared to the medium blank (Figure 5.6-B, C). Especially after 48
h of fermentation, an increase in relative abundance of Prevotellaceae to + 45 % (+
23 % in medium blank) and Lachnospiraceae to + 10-15 % (+ 4 % in medium blank)
was observed for intrinsic RS-3 N18-A and N32-B. Such pronounced increase in
Lachnospiraceae was not observed after fermentation of starches containing a
digestible starch fraction SPS, P14-A and N18-B (Figure 5.6-A).
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Figure 5.6. Microbiota composition in relative abundance at family level during 48 h of duplicate
fermentations of RS-3 preparations by pooled post-weaning piglet faecal microbiota. A: RS-3
preparations containing > 70 % digestible starch. B: Intrinsic RS-3. C: Initial pooled faeces and the
medium blank. Results of both biological duplicates are indicated. The families shown are most
abundantly present and contribute together to > 80 % of the total relative abundance within a
sample.
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To further investigate the differences in microbiota composition after 24 and 48 h
of fermentation of RS-3 preparations by pooled post-weaning piglet faecal
microbiota, we analysed the microbiota composition at ASV level, showing taxa
contributing > 2% of the total relative abundance within a sample
(Supplementary figure 5.4). The increase in relative abundance of
Selenomonadaceae as shown for fermented P14-A and N18-B (Figure 5.6-A) was
primarily explained by ASV Selenomonas 1. Prevotellaceae consisted of at least five
different ASVs. Prevotella_9 01 was present in all fermented RS-3 substrates,
whereas Prevotella_7 01 increased especially in relative abundance during the
last 24 h of fermentation of SPS. Especially Prevotella_9 03 increased in relative
abundance after 48 h of fermentation of intrinsic RS-3 N18-A and N32-B. Within
the same timeframe also an increase in relative abundance of Roseburial
(Lachnospiraceae) was found for N18-A and N32-B.

3.3. Visual inspection of starch degradation by post-weaning piglet faecal
microbiota

As we observed pronounced degradation of RS-3 preparations by post-weaning
piglet faecal microbiota, we conducted SEM analysis to provide some
preliminary insights in the degradation approach of insoluble starch by gut
microbiota (Figure 5.7).

The SEM image of the initial P14-A substrate shows that P14-A consisted of quite
roughly clustered particles (Figure 5.7-A1) of around 10-15 pum. After 24 h of
fermentation, the particles were covered by a biofilm (oval) with bacteria
attached to the substrate (white arrows) (Figure 5.7-A2, A3). The SEM image of
the initial N18-B substrate shows that N18-B consisted of regularly shaped
spheres of around 3 pum (Figure 5.7-B1). After 24 h of fermentation, holes
appeared within those spheres (black arrow) and additionally, bacterial cells
were attached to the N18-B spheres (white arrow) (Figure 5.7-B2, B3). The SEM
image of the initial N18-A substrate shows that N18-A consisted of elongated
particles that were clustered together in spheres (Figure 5.7-C1). After 48 h of
fermentation, these elongated crystals could be observed much better (Figure
5.7-C2), probably due to degradation of an easier-accessible fraction. In addition,
some bacteria were recognizable attached to the N18-A substrate (white arrow)
(Figure 5.7-C3). The SEM image of the initial N32-B substrate shows that N32-B
consisted of quite regularly shaped spheres of around 3-7 um (Figure 5.7-D1).
After 48 h of fermentation some holes within the substrate appeared (black
arrow). In addition, the surface of the N32-B spheres was rougher when
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compared to the initial substrate and some attached bacteria could be observed
(white arrow) (Figure 5.7-D2, D3).

DA

Figure 5.7. Scanning Electron Microscope images of RS-3 preparations fermented by post-weaning
piglet faecal microbiota. Figure A, B, C and D refer to P14-A, N18-B, N18-A and N32-B, respectively.
Image 1 refers to the initial substrate, whereas image 2 and 3 refer to the substrate after 24 h of
incubation (P14-A, N18-B) or 48 h of incubation (N18-A, N32-B). White arrows point towards
bacteria, black arrows point towards specific starch structures, the white oval highlights the
presence of biofilm.
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4. Discussion

Weaning is a stressful period for piglets, often causing a disbalance in gut
microbiota composition!!l, which might result in post-weaning diarrhoea. By
in vitro fermentation of RS-3 preparations differing in crystal type, a-1,4 glucan
chain length and resistant starch content, we evaluated the prebiotic potential of
such substrates for pre- and post-weaning piglets. Four RS-3 preparations
(P14-A, N18-B, N18-A and N32-B) were incubated with inocula obtained by
pooling faeces of pre- or post-weaning piglets and subsequently, starch
degradation, organic acid production and changes in microbiota composition
upon fermentation were analysed. It should be noted that the pre-weaning
piglets already had ad-libitum availability to creep-feed from 6 days of age,
which could have influenced the microbiota composition of the faeces used as
inoculum.

RS-3 preparations P14-A and N18-B contained a large digestible starch fraction
(Table 5.1, Chapter 2%1). Although the digestible starch is subjected to digestion
in the small intestine, such substrates may partially be subject to fermentation in
pre-weaning piglets due to lower amylase activities in such pigletsi®l. In
addition, Wang et al. (2019) found high relative abundance of starch-utilizing
enzymes being encoded within the metagenome of faecal microbiota of even up
to 4 weeks post-weaning piglets consuming wheat starch and suggested that
digestible starch is a major carbohydrate source for colonic microbiotal®¥. In
contrast to digestible starches which only conditionally reach the colon, starches
that contain a high amount of RS (> 80 %)*! will certainly transit to the colon
largely intact. However, such starches require microbes for degradation that
express amylases with carbohydrate binding modules (CBMs), able to bind to
the insoluble substratel®>l. That such microbes should be targeted and specialized
to degrade undigestible starches was demonstrated in our study where N18-A
(+ 88 % RS) was hardly fermentable by pooled pre-weaning piglet gut
microbiota, simply because the appropriate bacteria were not present at
noticeable abundances. This was similar to a previous in vitro study showing that
raw potato starch (RS-2) was poorly fermented by pre-weaning piglet faecal
microbiotal*l. Indeed, it has been shown that among others, genes encoding for
starch degrading enzymes were lower in the bacterial metagenome of nursing
compared to weaned piglets!'®l. Together this suggests that highly RS-containing
substrates might not be beneficial for pre-weaning piglets, simply because the
specialized starch-degrading microbes are not (yet) present at high abundances.
If intrinsic RS-3 is eventually fermentable by pre-weaning piglet faecal
microbiota using elongated fermentation time, requires further investigation.
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For pre-weaning piglets, more easily fermentable dietary fibres, such as GOSI>]
or partially digestible starch might be more beneficial, let aside that such starch
is not fully hydrolysed in time by pancreatic amylase in the upper GIT.
Previously, it has been shown that waxy maize and normal maize starch, varying
in amylose to amylopectin ratio, differently influenced the ileal and caecal gut
microbiota composition of growing pigsl?’, indicating that such digestible starch
is subject to fermentation, even in growing pigs.

To the best of our knowledge, not many studies investigated the in vitro
fermentability of dietary fibres using pre-weaning piglet faecal microbiota.
Previously, it has been shown that wheat starch (containing digestible starch)
was fermented slower by faecal microbes of 4-week-old pre-weaning piglets,
compared to more readily fermentable dietary fibres inulin and lactulosel®sl.
Here, we showed that pre-weaning piglet faecal microbiota fermented partially
resistant starch slower than purely digestible starch, but still fermentation was
almost complete within 48 h of incubation (Figure 5.1). The observed increase in
relative abundance in Streptococcaceae in our fermentation digesta (Figure 5.3-A)
was also found previously, when cooked digestible wheat starch was fermented
using faecal inoculum of growing pigs/®. In the same study, fermentation of
granular wheat starch did not result in an increase in relative abundance of
Streptococcaceael®], suggesting that only easily fermentable starch was targeted
by these bacteria. Indeed, some Streptococcus species are known to efficiently
degrade soluble and raw maize starch and ferment it to lactate in
mono-culturel®l. Streptococcus could thus have contributed to the digestible
starch degradation by pre-weaning piglet faecal microbiota in our study,
producing lactate that could have been further metabolized to acetate,
propionate and butyrate. Fermentation of partially digestible starch by
pre-weaning piglet faecal microbiota in our study yielded primarily butyrate,
together with an increase in relative abundance of Megasphaera. Megasphaera
produces acetate, propionate and butyrate directly from lactatel®’! and is
additionally able to produce butyrate via the 4-aminobutyrate pathwayl®?, and
could therefore have contributed to the SCFA production and composition
found. Fermentation of partially resistant P14-A and N18-B by pre-weaning
piglet faecal microbiota also resulted in an increased relative abundance of
Prevotella, primarily after 48 h of fermentation. Prevotella harbours species with
many carbohydrate degrading enzymes encoded on polysaccharide utilization
loci (PUL)I ¢41. Prevotella species, such as P. copri, are able to produce succinate
and acetate, but lack the ability to produce propionatel®l. Since Prevotella_9 01
only increased in relative abundance after the soluble starch was fully fermented
by pre-weaning piglet faecal inoculum, it might be responsible for the
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degradation of the insoluble and resistant fraction of P14-A and N18-B
preparations. Nevertheless, such abilities have not been described for Prevotella
species before. In contrast, a recent study showed that specifically P. copri strains
were only slightly growing on soluble starch, much worse than known starch
degrading members of Bacteroidetes species B. ovatus and B. thetaiotaomicron!esl.
Partially resistant starches such as P14-A and N18-B are likely degradable by
many different gut microbes and therefore it is hard to predict the prebiotic
potential of such substrates for pre-weaning piglets. Nevertheless, these
partially resistant starches surely behaved like regular, beneficial dietary fibres
for pre-weaning piglets, by promoting SCFA production.

As indicated, and depending on the digestion kinetics, partially resistant
starches such as P14-A and N18-B may be subject to ileal or colonic fermentation
in post-weaning piglets. Both RS-3 preparations were fermented slower than
purely digestible starch SPS by pre- and post-weaning piglet faecal inocula, both
stimulating individually different microbial populations in pre- vs post-weaning
faecal inocula. This indeed indicates that many different gut microbes can
ferment substrates like P14-A and N18-B.

Intrinsic RS-3 substrates N18-A and N32-B are different from partially resistant
RS-3 preparations P14-A and N18-B, since they are > 85 % undigestible by
pancreatic a-amylase (Chapter 21%]). The overall gut microbiome possesses more
different a-amylasesl?” 681, compared to the number of host a-amylases and
therefore intrinsic RS-3 might be degradable by specific bacterial a-amylases,
whereas not degradable by host a-amylases. Previously, we have shown that
intrinsic RS-3 is much slower fermented than digestible starch (Chapter 3143 and
Chapter 41%l) and by distinct microbial populations.

Intrinsic RS-3 substrates N18-A and N32-B were slowly fermented by
post-weaning piglet faecal microbiota, and starch degradation was especially
observed between 24 — 48 h of incubation (Figure 5.4), similarly to what we
found using human adult faecal inoculum (Chapter 3143). After 48 h of
fermentation, a pronounced increase in relative abundance of Prevotella_9 03 and
Roseburia 1 to + 5 — 15 % was found, which were almost absent after 24 h.
Roseburia 1 was fully absent after fermentation of all other starches and the
medium blank, whereas Prevotella_9 03 was present at a relative abundance of 0
—1 %. This indicates that intrinsic RS-3 specifically stimulated Prevotella_9 03 and
Roseburia 1 using post-weaning piglet faecal inoculum. Other bacteria such as
Bifidobacterium adolescentis and Ruminococcus bromii that harbour specialized
RS-degrading machineries, are considered to be primary RS-degraders!7ol.
However, we did not observe ASVs similar to R. bromii and B. adolescentis,
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indicating that also other gut microbes such as Prevotella and Roseburia species
might be able to degrade intrinsic RS-3. This would be in agreement with an
earlier statement, that R. bromii does not fulfil a key-stone degrading role in
weaning piglets consuming wheat starchl>¥l. These authors concluded that the
metabolism of starch fermentation by pig faecal microbiota is dependent on
cooperation between Firmicutes and Bacteroidetes!>, to which Roseburia and
Prevotella belong, respectively.

Increased relative abundance of Roseburia was also shown when weaned piglets
were fed 5 % raw potato starch”l. Roseburia produces butyrate from
carbohydrates and is more often shown to be increased during in wvitro
fermentation of resistant starch”2. Some Roseburia species harbour a single
a-amylase with multiple CBMs (CBM82173l, CAZy databasel”l) within the same
proteinl®”l, that could bind to insoluble starch. To the best of our knowledge,
direct RS-degrading capabilities have not yet been shown for Roseburia species,
although these bacteria are suggested to be secondary degraders of RS, that are
likely able to bind and degrade partially pre-degraded RSI55l. Prevotella has a
starch utilization system-like (Sus-like) multiprotein complex as found for
B. thetaiotaomicron!®3l. However, B. thetaiotaomicron is unable to degrade RS on its
own and relies on primary RS-degraders!> and additionally, P. copri was found
to ferment soluble starch worse than B. ovatus and B. thetaiotaomicronf6sl,
Nevertheless, it has been reported that some Prevotella strains harbour a
CBM74-containing amylasel”], together with a CBM26 domain being encoded in
their genomel”®. Such complex present in Prevotells might be of importance to
bind to insoluble starch as recently shown by Photenhauer and co-authors (2022)
for keystone degrader R. bromiil’¢l. Since Roseburia 1 and Prevotella_9 03 ASVs
specifically increased in relative abundance after incubation with intrinsic RS-3
and clear degradation of these substrates was shown using SEM (Figure 5.7), it
might be of interest to investigate Prevotelln and Roseburia species for their
intrinsic RS-3 degrading capability.
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5. Conclusions

We studied the fermentability of RS-3 preparations by pre- and post-weaning
piglet faecal microbiota. Fermentation of RS-3 preparations by pre-weaning and
post-weaning piglet faecal microbiota caused differences in microbial activity
and composition. Both inocula fermented partially resistant RS-3 preparations
quickly, whereas intrinsic RS-3 was only fermentable by post-weaning piglet
faecal microbiota. Fermentation of RS-3 preparations by pre-weaning piglet
faecal microbiota stimulated butyrate production and caused an increase in
relative abundance of Prevotella, Streptococcus and Megasphaera. In contrast,
post-weaning piglet microbiota fermented partially resistant RS-3 preparations
to mostly propionate while stimulating Prevotella and Selenomonas. Intrinsic RS-3
fermentation by post-weaning piglet faecal microbiota resulted in an increase in
relative abundance of specific phylotypes (ASVs) within Prevotella and Roseburia,
which likely contributed to an appropriate insoluble starch degradation and
fermentation. Partially resistant RS-3 preparations may not have prebiotic
potential for pre-weaning piglets, but might provide the common benefits of all
dietary fibres by stimulating SCFA production. Intrinsic RS-3 may have prebiotic
potential in post-weaning piglets by stimulating more specific microbes, which
requires further investigation.
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7. Supplementary information

Supplementary table 5.1. Feed compositions of weaning, starter and pre-started diet used in this

study.
Ingredient Weaning Starter Prestarter
diet G diet G Diet
Grains (wheat, barley, maize and oatmeal) 665 729 365
Protein sources (soy, potato) 212 218 196
Milk derivatives (whey) 63 - 224
Soy bean oil 14.2 10 50
Amino acids 8.4 12.7 6,5
Salt 4.6 5.5 -
Sugars 10.0 - 90
Premix* 22.8 24.8 68.5

* Premix includes aroma’s, minerals and trace minerals, vitamins, acids, enzymes, antioxidants

Supplementary table 5.2. Starch recoveries during 48 h of incubation of RS-3 preparations with

pooled faecal inoculum of pre-weaning piglets.

Time SPS P14-A N18-A N18-B
oh Soluble (%) 86.7 +8.2 9.8+0.0 1.5+£4.2 10.5+0.8

Insoluble (%) 102.1 +5.2 95.5+4.2 87.8+1.3
- Soluble (%) 589 +1.1 151+0.3 0.1+0.1 7.3+0.0

Insoluble (%) 83.2+0.8 109.5 +10.0 71.4+9.7

Soluble (%) 0.5+0.0 02+0.2 0.1+0.0 0.1+0.1
24 h

Insoluble (%) 349 +3.1 94.0+6.3 499 +1.6

Soluble (%) 0.3+0.0 0.3+0.1 0.2+0.1 0.1+0.1
36 h

Insoluble (%) 14.6 £ 6.8 95.3 +4.6 329+1.5

Soluble (%) 0.2+0.1 0.2+0.0 0.1+0.1 0.2+0.1
48 h

Insoluble (%) 1.0+ 0.0 88.6 +1.6 12.9+3.8

Supplementary table 5.3. Starch recoveries during 48 h of incubation of RS-3 preparations without
pre-weaning piglet faecal microbiota.

Time SB SPS SB P14-A SB N18-A SB N18-B
0h Soluble (%) 96.9 + 3.0 11.0 £ 0.6 35+25 95+0.1
Insoluble (%) 94.3 +0.5 784 +4.6 79.5+0.9
8h Soluble (%) 101.3£5.5 262 +1.1 52+0.0 19.0+1.5
Insoluble (%) 774 +5.7 85.7 +0.6 76.3+£3.3
24 h Soluble (%) 99.4 + 8.8 33.8+0.8 79+0.0 21.9+0.8
Insoluble (%) 68.5 +3.3 73.3 £8.6 76.1 £ 3.6
36 h Soluble (%) 954 +3.1 37.7 +0.1 79+0.3 22.6 +0.0
Insoluble (%) 66.2+2.5 75.3 +14.6 67.7 £ 8.0
48h Soluble (%) 924 +1.1 40.1+2.3 7.6+29 25.6 +0.7
Insoluble (%) 66.3+1.5 79.8 +15.2 70.0 £4.2
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Supplementary figure 5.1. Beta-diversities of microbiota composition after 0, 24 and 48 h of in vitro
fermentation of RS-3 preparations and medium blank using pre-weaning piglet faecal microbiota.
Figure A, B and C show PCA of CLR-transformed ASVs and PCoA of Unweighted and Generalized
UniFrac distances, respectively.
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Supplementary figure 5.2. Heatmap showing ASVs contributing > 2 % to the total relative

abundance within a sample after 24 and 48 h of fermentation of SPS, P14-A, N18-B, N18-A and

medium blank using pooled pre-weaning piglet faecal inoculum. The total relative abundance

explained (%) is also provided. The taxa are sorted by hierarchical clustering of Euclidean distances.
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Supplementary table 5.4. Starch recoveries during 48 h of incubation of RS-3 preparations with
pooled faecal inoculum of post-weaning piglets.

Time SPS P14-A N18-A N18-B N32-B
0h Soluble (%) 82.2+2.3 54+0.1 26+1.1 7.3+0.3 1.0+0.0
Insoluble (%) 82.9+1.4 88.7 + 0.6 83.4+3.2 87.0+1.7
8h Soluble (%) 70.8 £2.2 10.4 £ 0.0 0.6 £0.1 9.9+0.0 0.3+0.0
Insoluble (%) 73.8+1.2 78.3 +5.8 76.3+2.9 85.5+5.9
24 h Soluble (%) 0.3+0.1 0.1+0.0 0.1+0.0 0.1+0.0 0.0+0.0
Insoluble (%) 40.4+3.3 80.9 +2.9 492 +6.7 85.5+1.2
36h Soluble (%) 0.1+0.1 0.5+0.7 0.1+0.0 0.1+0.0 0.0+0.0
Insoluble (%) 146+24 73.1+0.8 344+54 771+7.0
48h Soluble (%) 0.1+0.1 0.6 0.6 0.0 0.0 0.1+0.1 0.0+0.0
Insoluble (%) 3.6 +1.0 62.6 +4.7 17.0+4.4 65.1+1.2

Supplementary table 5.5. Starch recoveries during 48 h of incubation of RS-3 preparations without
post-weaning piglet faecal microbiota.

Time SB SPS SB P14-A SB N18-A SB N18-B SB N32-B
oh Soluble (%) 84.6 +1.8 7.0£0.1 2.0+0.1 6.6 0.2 0.8+0.1
Insoluble (%) 82.2+0.8 88.9+6.7 84.0+2.3 78.1 +18.7
8h Soluble (%) 84.6 +1.5 15.0£0.9 39+03 13.4+0.2 1.6+0.1
Insoluble (%) 70.6 3.5 86.8 + 1.5 74.6 +1.0 89.3 +0.2
2 h Soluble (%) 84.2+1.5 21.0+0.0 55%0.2 15.3 0.6 24+02
Insoluble (%) 59.6 + 3.8 83.3 +3.6 73.9 +0.0 859 +1.1
36h Soluble (%) 84.2+0.7 224 +1.1 57+0.4 16.7 £0.8 2.7+0.8
Insoluble (%) 59.9 +7.6 99.6 + 14.9 73.8+1.7 86.5+1.5
48h Soluble (%) 86.2 + 0.8 24.6+1.5 59+0.1 16.0 £0.3 2.7+0.1
Insoluble (%) 63.6 +0.1 84.6 +4.7 73.7 +0.6 82.6 +2.5
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Supplementary figure 5.3. Beta-diversities of microbiota composition after 0, 24 and 48 h of in vitro
fermentation of RS-3 preparations and medium blank using post-weaning piglet faecal microbiota.
Figure A, B and C show PCA of CLR-transformed ASVs and PCoA of Unweighted and Generalized
UniFrac distances, respectively.
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Supplementary figure 5.4. Heatmap showing ASVs contributing > 2 % to the total relative

abundance within a sample after 24 and 48 h of fermentation of SPS, P14-A, N18-B, N18-A, N32-B
and medium blank using pooled post-weaning piglet faecal inoculum. The total relative abundance

explained (%) is also provided. The taxa are sorted by hierarchical clustering of Euclidean distances.
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Chapter 6

Abstract

Intrinsic resistant starch type 3 (RS-3) is retrograded starch that is highly
resistant to pancreatic digestion (= 80 % RS) and will therefore transit to the colon
largely intact. Two gut microbes, known as RS degraders, Ruminococcus bromii
and Bifidobacterium adolescentis were studied for their ability to degrade intrinsic
RS-3 with defined crystal type and chain length (A-type, degree of
polymerization (DPn) 16 or DPn 21; B-type, DPn 32 or DPn 76). The insoluble
RS-3 degradation was quantified and visualized by Scanning Electron
Microscopy (SEM) over time and compared to degradation of granular maize
and potato starch. R. bromii was not limited by any specific physico-chemical
starch characteristic and degraded all substrates gradually to primarily maltose
and glucose, although these sugars were not further fermented. In contrast,
B. adolescentis was unable to degrade B-type intrinsic RS-3 and only slightly
fermented A-type intrinsic RS-3 to acetate, whereas granular maize and potato
starch were fermented readily to acetate and lactate. The elaborate use of SEM
in this study revealed the unique morphology of the RS-3 structures and the
difference in degradation approach by the two gut microbes. It can be concluded
that efficient degradation of intrinsic RS-3 requires microbes with specific
enzyme machineries such as those present in R. bromii.
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1. Introduction

Resistant starch is an insoluble dietary fibre that is associated with many health-
benefitslll, among others, since it is efficiently fermented by gut microbiota into
short-chain fatty acids (SCFAs)i2l. Degradation of resistant starch occurs by
primary degradersl®], that provide substrates to secondary utilizers via cross-
feeding, resulting in e.g. enhanced butyrate production/*l. Butyrate has been
associated with many health-benefits, such as providing energy to colonocytes!®.
Supplementation of resistant starch in the diet could potentially improve human
health by modulating the gut microbiota and enhance butyrate production in the
colon. Several intervention studies showed effective modulation of the gut
microbiota after resistant starch supplementation, although results were highly
variablels?l. These intervention studies investigated primarily the impact of
resistant starch type 2 (RS-2), such as raw potato starchl6-l.

Resistant starch type 3 (RS-3) is retrograded starch that escapes digestion in the
upper gastro-intestinal tract (GIT) and therefore will transit to the colon. RS-3
preparations can be prepared from debranched starches followed by controlled
crystallization('l and in most cases contain a digestible fraction(!!], that most
probably will be hydrolysed in the upper GIT. To increase resistance to
digestion, RS-3 preparations can be made by crystallization of a-1,4 glucans with
a defined molecular weight (Mw) into A- or B-type crystals!'2'4. Alpha-1,4 linked
glucans of different Mw can be obtained by debranching (waxy) starches of
different botanical sources!’! or by enzymatic synthesis using amylosucrasel!!
or a-glucan phosphorylasel’”l. Previously, it was shown that specific RS-3
substrates prepared from a-glucan phosphorylase synthesized a-1,4 glucans
with a narrow disperse Mw distribution were very resistant to in vitro digestion
(Chapter 20'21). Especially RS-3 preparations of degree of polymerization (DPn)
~15-20 with an A-type crystal, or RS-3 preparations of DPn ~30-75 with a B-type
crystal were > 80 % resistant to in vitro digestion (Chapter 2['?l) and are therefore
considered “intrinsic RS-3". In vitro fermentation of these specific RS-3 structures
by pooled faecal inoculum of adults showed that all intrinsic RS-3 structures,
independent of crystal type or Mw, were fermented to acetate and butyrate and
stimulated Lachnospiraceae, that harbours many butyrate-producing bacterial®],
and Ruminococcus and Bifidobacterium (Chapter 3[191).

Ruminococcus bromii and Bifidobacterium adolescentis are known primary
degraders of resistant starch®l. The two bacterial species have been shown to
increase in relative abundance in vivo after a diet containing resistant starch!” 8,
or in vitro after fermentation using faecal inoculum!. Furthermore, in mono-
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culture both R. bromii and B. adolescentis were able to degrade Novelose® 330120,
a commercial RS-3 ingredient with a B-type polymorph!?!l. R. bromii is a strict-
anaerobic Gram-positive, spore-forming/??l bacterium belonging to the Firmicutes
phylum. It was shown to be a key-stone starch degrading bacterium in the
human gut?l. Recently, some studies focussed on discovering the full starch
degrading mechanism of R. bromii222%. The genome of R. bromii strains obtained
from human faeces encode 17 glycoside hydrolase (GH) Family 13 enzymes!?2l.
Some of these GH13 enzymes work together in a starch-degrading machinery
called amylosome, which is anchored in the bacterial cell-walll?> 23l. Due to the
presence of dockerin modules that bind to specific cohesins, the amylosome
complex is very stablePl. Recently, a highly flexible starch-binding protein able
to bind to starch granules was discovered to be present within the amylosome
complex?sl. Additionally, another starch-binding protein Sas6, was found to
contain a carbohydrate binding module (CBM) 26 that binds to short malto-
oligosaccharides, as well as a CBM74 able to bind to single or double helical
a-glucans and these CBMs work together to bind to insoluble starch granules!?].
The amylosome complex, together with other amylases present on the cell-wall
of R. bromii are responsible for efficient degradation of resistant starch.

In contrast to R. bromii the starch-degrading specialist, B. adolescentis has a
broader substrate preferencel® 3!l. B. adolescentis is an anaerobic Gram-positive,
non-motile and non-spore forming bacterium belonging to the Actinobacteria
phyluml®2l. Some B. adolescentis strains are known to possess GH13 enzymes able
to degrade starchl® %I although not automatically being able to degrade
insoluble resistant starchl®. B. adolescentis genes are predicted to encode
components of ABC-transporters that are able to transport maltodextrins and
maltose into the cell®. Once in the cell, the malto-oligosaccharides are further
fermented to acetate and lactate via the bifid shunt!®l. The exact starch degrading
mechanism of B. adolescentis is not fully discovered yet, although it is known that
the RS degrading enzymes are anchored in the cell-wall and possess CBMs 25,
26 and 741%% that are associated with insoluble starch bindingl3el.

Next to these primary RS degraders, also secondary degraders of RS are
described in literaturel®”l. Secondary degraders can degrade soluble starch!®
using extracellular amylases, but require primary degraders to initiate resistant
starch degradation!?’l. One secondary degrader described is Agathobacter rectalis
(previously known as Eubacterium rectale), a butyrate producing bacterium
within the Lachnospiraceae family, which was shown to possess one single
amylase anchored in its cell-walll®!. A. rectalis was shown to bind efficiently to
both regular and high amylose maize starch granules using five CBMs among
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which CBM82 and CBM83, although low binding to potato starch granules was
observed!®l. Previously, it was shown that A. rectalis was able to degrade RS-3
preparations, containing up to 40 % RS, and that these were fermented to acetate,
propionate and butyratel40l.

Earlier, we found an increase in relative abundance of primarily Lachnospiraceae,
Ruminococcus and Bifidobacterium during in vitro fermentation of intrinsic RS-3
using a pooled faecal inoculum of healthy adults (Chapter 3['%). Depending on
the RS-3 characteristics, the relative abundances of these taxa after in vitro
fermentation differed, which might indicate that specific characteristics of
intrinsic RS-3 substrates determine the degradation capability by such gut
microbiota. To investigate if intrinsic RS-3 substrates differing in physico-
chemical characteristics are fermentable by known primary RS-degraders, we
incubated R. bromii and B. adolescentis with two A-type intrinsic RS-3 substrates
(DPn 16, Polydispersity index (PI) 1.23; DPn 21, PI 1.59) and two B-type intrinsic
RS-3 substrates (DPn 32, PI 1.14; DPn 76, PI 1.07) and compared their
fermentability over time with that of native maize and potato starch granules.
We analysed the starch degradation and product formation quantitatively, and
followed changes in starch morphology by SEM visualization in time.

2. Materials and methods

2.1. Materials

Native potato starch granules and highly branched potato starch from potato
(Mw = 100 kDa, 8 % branch points) were obtained from AVEBE (Veendam, The
Netherlands), whereas regular maize starch was obtained from Roquette (Nord-
Pas-de-Calais, France). Ruminococcus bromii ATCC27255 (ATCC, Manassas,
Virginia, USA) was obtained from the Laboratory of Microbiology (Wageningen
University & Research, Wageningen, The Netherlands) and Bifidobacterium
adolescentis strain L2-32 was obtained from BEI resources (ATCC).

2.1.1. RS-3 preparations

RS-3 preparations were prepared by crystallizing debranched waxy rice starch
or enzymatically synthesized a-glucans as described in Chapter 21'2I. The specific
physico-chemical characteristics and in vitro digestibility of these RS-3
preparations are summarized in Table 6.1, and were described in Klostermann
et al. (2021)12. The sample name is named after the RS-3 physico-chemical
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characteristics with N: narrow disperse, P: polydisperse, number: DPn, A:
A-type crystal, B: B-type crystal.

Table 6.1. Crystal type, chain length, Mw distribution and in vitro digestibility of poly- and narrow
disperse RS-3 preparations used in this study, as described in Klostermann et al. (2021)121.

Sample Reported Crystal ~ DPnaystat  Pleystat  In vitro digestibility
name as!2! type (120 min) (%)
N16-A sG2-A A 16 1.23 20

P21-A dWRS-A A 21 1.59 21

N32-B sG20-B B 32 1.14 5

N76-B sG65-B B 76 1.07 6

DPn (number-based degree of polymerization) and PI (polydispersity index) were determined
using HPSEC-RI, crystal type was determined using XRD and in vitro digestion was performed
using pancreatin and amyloglucosidasel’2l. The sample name has been recoded compared to
Klostermann et al., 2021.

2.2. In vitrobatch fermentation of RS-3 preparations

2.2.1. Culture medium

B. adolescentis 1L2-32 was pre-cultured in modified clostridial broth (MCR) at
pH 6.8, containing per L: 10 g tryptose, 10 g meat peptone, 3 g yeast extract, 5 g
glucose, 5 g NaCl, 1 g soluble starch, 0.5 g L-cysteine-hydrochloride, 3 g sodium
acetate and 1 mL resazurin solution (500 mg/L). Fermentation experiments were
performed using modified simulated ileal efflux medium (mSIEM), containing
per L: 3 g bactopeptone, 3 g casein, 0.05 g ox-bile, 2.5 g KoHPO4+-3H20 , 4.5 g
NaCl, 0.45 g CaCl2-2H20, 0.005 g FeSO4+-7H20 and 0.01 g haemin, 0.5 g MgSOa
(Tritium Microbiologie, Eindhoven, The Netherlands) and 0.4 g L-cysteine-
hydrochloride (Sigma-Aldrich, St. Louis, Missouri, USA). A vitamin mix was
added with a final concentration of 1 pug/L menadione, 2 pg/L biotin, 0.5 ug/L
vitamin B12, 10 pg/L pantothenate, 5 pg/L nicotinamide, 5 pg/L para-
aminobenzoic acid, 4 pg/L thiamine (Tritium Microbiologie). The medium was
buffered using 0.1 M sodium phosphate buffer at pH 5.8.

R. bromii ATCC27255 was pre-cultured in modified Gifu Anaerobic Medium
broth (mGAM) (HyServe GmbH, Uffing, Germany) at pH 7.3 with the addition
of 1 mL resazurin solution (500 mg/L) per L of medium. For fermentation
experiments, the medium was diluted twice and supplemented with 0.25 g/L
L-cysteine-hydrochloride. The expected soluble starch content in the twice
diluted mGAM broth was 2.5 mg/mL, according to the supplier.

All media were pre-reduced according to Aguirre et al. (2015)!411. Briefly, media
were boiled for 20 seconds to remove Oz and cooled under nitrogen flow after
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which L-cysteine-hydrochloride was added, pH adjusted and nitrogen influx
continued for 10 more minutes until the colour conversion of resazurin was
observed. Subsequently, the medium was transferred to serum bottles and
capped with butyl rubber stoppers and aluminium caps. The headspace was
exchanged using 100 % N2 and the serum bottles were autoclaved.

2.2.2. /n vitrofermentation

B. adolescentis 1.2-32 (MRC broth) and R. bromii ATCC27255 (mGAM broth) were
pre-cultured at 37 °C without shaking for 20-24 h.

Approximately 5-6 mg (dry weight) of all substrates was weighed in duplicate
in sterile 5 mL serum bottles and transferred to the anaerobic chamber for gas
exchange overnight (gas composition: 4 % Hz, 15 % COz2, 81 % N2; Bactron 300,
Sheldon Manufacturing, Cornelius, Oregon, USA). To the weighed starches, 1.9
mL medium was added followed by 0.1 mL pre-cultured B. adolescentis L2-32 or
R. bromii ATCC27255 (5 % v/v inoculum). Samples without additional substrate
(all time points) or samples without inoculum (only t = 48 h) were prepared as
blank. The serum bottles were capped using butyl rubber stoppers and
aluminium caps and incubated at 37 °C without shaking for 0, 24, 48 and 72 h.

At each time point, the assigned serum bottles were taken out of the incubator.
The serum bottles were decapped and the contents were transferred to Safe-Lock
Eppendorf tubes (Eppendorf, Hamburg, Germany). The tubes were centrifuged
at 4 °C, 10,000 x g for 10 min and 0.55 mL of supernatant was separated and
immediately heated at 100 °C, 800 rpm for 10 min (Eppendorf shaker,
Eppendorf). Another 1.1 mL of supernatant was collected in another tube and
stored at 4 °C until further use. From the serum bottles containing some
remaining substrate particles, 25 uL was used for SEM (section 2.6).
Subsequently, 1.5 mL of autoclaved milliQ was used to wash the serum bottles
and transferred to the Safe-Lock Eppendorf tubes containing the pellet and
mixed. The tubes were centrifuged once more and 1 mL of supernatant was
discarded. The tubes containing pellet were immediately frozen using liquid N2
and subsequently freeze-dried.

2.3. Starch quantification

Starch was quantified in the supernatant and in the freeze-dried pellets obtained
after fermentation using the Megazyme Total Starch Kit (AA/AMG) (Megazyme,
Wicklow, Ireland), according to the company protocol and adjusted for smaller
sample sizes as described in Chapter 30" Briefly, insoluble starch was
solubilized using 1.7 M NaOH and after proper neutralization, dilution and
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enzymatic hydrolysis, the free glucose content was analysed using the GOPOD
assay kit (Megazyme). In the supernatant, both free glucose and total glucose
after enzymatic hydrolysis were determined using the GOPOD assay Kkit.

Soluble oligosaccharides present in the supernatant after fermentation of the
starch substrates by R. bromii were analysed using High Performance Anion
Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-
PAD). The supernatants were diluted 20 times with milliQ water, centrifuged
(20,000 x g, 10 min) and 10 uL of the supernatants were injected on a CarboPac
PA-1 (2 x 250 mm) column, with a CarboPac PA-1 guard column (Dionex,
Sunnyvale, California, USA), using an ICS-6000 HPAEC system from
ThermoFisher Scientific (Waltham, Massachusetts, USA). The oligosaccharides
were detected using a Pulsed Electrochemical Detector in the PAD mode. The
eluents used were 0.1 M NaOH solution (eluent A) and 1 M NaOAc in 0.1 M
NaOH (eluent B). The gradient used was 2.5 - 25 % B (0-30 min), followed by 25
- 100 % B (30-40 min), 100 % B (40-50 min) and re-equilibration at 2.5 % B (50-65
min). Elution was performed with 0.3 mL/min at 25 °C. A standard curve of
malto-oligosaccharides (DP 1 - DP 7) was prepared for quantification
(concentration 5 - 25 pg/mL). Data analysis was performed with Chromeleon™
7.3 software from ThermoFisher Scientific.

2.4. Metabolite quantification

Organic acid and ethanol quantification was performed using HPLC-RI/UV
(Dionex) with an Aminex HPX-87H column (Bio-Rad laboratories Inc, Hercules,
California, USA) as described in Chapter 31"l For R. bromii standard curves of
0.05 -2 mg/mL acetic acid, formic acid and ethanol were used, as representative
metabolites of R. bromii growth!*2l. For B. adolescentis standard curves of 0.05 — 2
mg/mL acetic acid and lactic acid were included as representative metabolites of
B. adolescentis growthl#l.

2.5. Extracellular a-amylase activity using Ceralpha kit

Activity of the extracellular a-amylases secreted in the supernatant during
fermentation of the starches by R. bromii and B. adolescentis was analysed in mono
using the Ceralpha method (Megazyme), according to the suppliers manual,
adjusted for smaller sample sizes. In short, supernatants obtained after 24 — 72 h
of fermentation by R. bromii were diluted 10 times with a buffer containing 0.1 M
maleic acid pH 6.5 and supplemented with 0.1 M sodium chloride and 2 mM
calcium chloride dihydrate. Supernatants obtained after 0 h of fermentation by
R. bromii and all time points of fermentation by B. adolescentis were non-diluted
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and used as such. An aliquot of 50 uL per analysis of the Megazyme Amylase
HR reagent was incubated at 40 °C for 5 min. The (diluted) supernatant was also
heated to 40 °C for 5 min. To each tube containing the Amylase HR reagent,
50 puL of the (diluted) supernatant was added. The mixture was incubated at
40 °C, 800 rpm, for 10 min (Eppendorf shaker). Exactly after 10 min of
incubation, 750 uL of stopping reagent was added (20 % tri-sodium phosphate
solution, pH ~11, Megazyme). The absorbance was measured at 400 nm against
distilled water. The final activities were corrected for background absorbance
obtained in the mSIEM or mGAM media.

2.6. Scanning Electron Microscopy

Fermentation samples were dried on 13 mm filters with 10 um holes (Merck
Isopore™ membrane filter (Merck, Burlington, Massachusetts, USA)), in a flow
cabinet, attached to sample holders containing carbon adhesive tabs (EMS,
Washington, USA) and coated with 12 nm tungsten (EM SCD 500, Leica, Vienna,
Austria). The samples were analysed with SEM (Magellan 400, FEI, Eindhoven,
The Netherlands) at the Wageningen Electron Microscopy Center. SEM images
were recorded at an acceleration voltage of 2 kV and 13 pA and magnification of
5,000 (Everhart-Thornley detector) and 25,000 (Through Lens Detector) times.

3. Results

3.1. Insoluble starch degradation

The fermentability of intrinsic RS-3 by two well-known primary resistant starch
degraders Bifidobacterium adolescentis L2-32 and Ruminococcus bromii ATC27255
was investigated. The intrinsic RS-3 substrates consisted of two with an A-type
polymorph (N16-A, P21-A) and two with a B-type polymorph (N32-B and
N76-B) (Chapter 2I'2l). N16-A, N32-B and N76-B were prepared from narrow
disperse enzymatically synthesized a-1,4 glucans, whereas P21-A was prepared
from polydisperse debranched waxy rice starch.

N16-A, P21-A, N32-B and N76-B were incubated over time with R. bromii and
B. adolescentis in mono-culture, and well-studied substrates native regular maize
and potato starch granules were included as well. After incubation, the
remaining insoluble starch was quantified (Figure 6.1). Total starch recovery,
including the insoluble and soluble starch fraction, and the recovery in the
substrate blanks can be found in Supplementary table 6.1 and 6.2.
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Figure 6.1. Insoluble starch recovery in time during 72 h of incubation of intrinsic RS-3 and native
maize and potato starch granules with A: R. bromii ATCC27255 and B: B. adolescentis 1.2-32. The
average of biological duplicates is shown, the error bars represent the standard deviation and might
be smaller than the marker used.

The results show that the insoluble starch recovery decreased quite constantly
over time, for all substrates individually during incubation with R. bromii
(Figure 6.1-A). Small differences were observed in degradation rate among the
substrates. In contrast, during incubation of insoluble starch with B. adolescentis,
the insoluble starch recovery only decreased obviously for maize and potato
starch (Figure 6.1-B) and indicated no degradation of intrinsic RS-3 substrates
N16-A, P21-A, N32-B and N76-B. Potato and maize starch granules were
effectively degraded by B. adolescentis during 72 h of incubation, although the
degradation rate decreased over time. Together, these results indicate that
R. bromii enzymes degraded all intrinsic RS-3 and granular starches, whereas
B. adolescentis enzymes only degraded granular starches.

3.2. Metabolite production

To study the metabolites produced during incubation of intrinsic RS-3 and
granular starches with R. bromii and B. adolescentis, acetic acid, lactic acid and
ethanol were quantified (Figure 6.2), together with quantification of these
products in the positive control HBPS and the medium blank. No formic acid
was detected in the spent medium.
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Figure 6.2. A: Acetic acid and ethanol produced by R. bromii ATCC27255 and B: acetic and lactic
acid produced by B. adolescentis L2-32 during fermentation of intrinsic RS-3, native granules, HBPS
and a medium blank. The average of biological duplicates is shown, the error bars represent the
standard deviation and might be smaller than the marker used.

The results show that acetate production by R. bromii increased from
approximately 1 mMol at t0 to approximately 4 mMol at t24 for all substrates
(Figure 6.2-A1). After 24 h of fermentation, the acetate content did not increase
anymore. For ethanol production, something similar was observed, increasing
from 0 mMol at t0 to 6 mMol at t24 for all substrates and remaining at that
concentration for the following 48 h of fermentation (Figure 6.2-A2). Since we
did not observe clear differences in acetate and ethanol production between the
medium blank and the substrates during incubation with R. bromii, these results
indicate that R. bromii did not ferment starches. Some compounds present within
the medium were fermented by R. bromii causing the slight increase in acetate
and ethanol during the first 24 h of incubation.

The results show that acetate production by B. adolescentis increased from
approximately 2 mMol at t0 to different values for all substrates (Figure 6.2-B1).
HBPS, a fully soluble highly branched starch, was fermented rapidly during the
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first 24 h, yielding 28 mMol acetate, which only slightly increased thereafter.
During fermentation of maize and potato starch this was very similar, with
acetate increasing rapidly to 18 mMol at t24 and slowly increasing afterwards to
22 mMol after 72 h. In contrast, fermentation of intrinsic RS-3 substrates N16-A
and P21-A by B. adolescentis generated only 10 and 8 mMol acetate, during the
first 24 h, with a final concentration of 12 and 10 mMol after 72 h, respectively.
Acetate formation during incubation of intrinsic B-type RS-3 substrates with
B. adolescentis was similar to the medium blank, only increasing from 2 mMol at
t0 to 4 mMol at 24 h and remaining at that concentration till 72 h. The results
show that lactate production by B. adolescentis increased during fermentation of
HBPS from 0 mMol at t0 to 10 mMol at 24 h and remaining at a similar
concentration for the following 48 h (Figure 6.2-B2). Also during fermentation of
maize and potato starch lactate production increased, whereas no lactate
production was observed during incubation of intrinsic RS-3 with B. adolescentis.
The production of acetate and lactate during fermentation of HBPS, maize and
potato starches indicates that B. adolescentis degraded and fermented these
substrates. The slight production of acetate, but no lactate, during incubation of
intrinsic A-type RS-3 substrates with B. adolescentis indicates that B. adolescentis
can only slightly ferment these substrates, which might be related to the
digestible fraction present (Table 6.1). For the B-type intrinsic RS-3 substrates we
did not observe any acetate and lactate production, indicating, together with the
full insoluble starch recovery, that B. adolescentis L2-32 cannot degrade and
ferment B-type intrinsic RS-3 substrates.

R. bromii degraded all substrates during 72 h of fermentation (Figure 6.1-A),
which did not result in additional acetate and ethanol production (Figure 6.2-A).
Instead, soluble starch including glucose, was found within the spent medium
(Figure 6.3), which was not observed for B. adolescentis (Supplementary
table 6.1). The soluble oligomers found in the spent medium of starches
incubated with R. bromii were further identified using HPAEC-PAD analysis
(Figure 6.4).

For incubations of starches with R. bromii we used mGAM broth, which already
contained some soluble starch. The results show that R. bromii fermented the
soluble starch present within the medium for + 50 % during the first 24 h of
incubation, after which the soluble starch recovery stabilized, indicating no
further fermentation of starch (Figure 6.3), probably because R. bromii reached
the stationary phase. R. bromii hydrolysed the soluble starch present within the
medium to primarily glucose and maltose (Figure 6.4-A). Incubation of fully
soluble HBPS with R. bromii resulted in a decrease in soluble starch recovery
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during the first 24 h (Figure 6.3). Already at 24 h of incubation all HBPS and
soluble starch present within the medium was hydrolysed to glucose, maltose
and maltotriose (Figure 6.4-A). Longer incubation of HBPS with R. bromii
resulted in a slight decrease in soluble starch content and the maltotriose present
at 24 h was further hydrolysed to glucose and maltose (Figure 6.4-A).
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Figure 6.3. Soluble starch recovery as found during incubation of starches with R. bromii. The starch
in the medium blank (mGAM) at t0 is set at 100 % for all samples tested. The average of biological
duplicates is shown, the error bars represent the standard deviation and might be smaller than the
marker used.

For the insoluble potato starch granules and insoluble intrinsic RS-3 N76-B, a
slight decrease in soluble starch recovery was observed during the first 24 h
(Figure 6.3), indicating fermentation of starch present within the medium, after
which the soluble starch recovery increased, indicating degradation of the
insoluble substrates to soluble glucose and maltose (Figure 6.4-B,D). For the
insoluble maize granules and insoluble intrinsic RS-3 N16-A, P21-A and N32-B
no clear decrease in soluble starch recovery during the first 24 h of incubation
was observed (Figure 6.3), potentially because R. bromii already degraded more
insoluble substrate to soluble oligomers within these starches (Figure 6.4).

The results indicate that R. bromii enzymes hydrolysed all starches to primarily
glucose and maltose (Figure 6.4). Furthermore, the results of the medium blank
indicate that around 50 % of the soluble starch initially present was fermented
within 24 h by R. bromii to acetate and ethanol (Figure 6.2-A). Increased starch
degradation by R. bromii did not result in additional acetate and ethanol
production, resulting in accumulation of glucose and maltose in the spent
medium.

As a preliminary test we examined the amylase activity within the cell-free
medium and the results showed a lack of amylase activity for B. adolescentis in

183




Chapter 6

all samples (Supplementary table 6.3), whereas for R. bromii we observed some
amylase activity, although quite low and no substantial differences among the
different substrates were observed (Supplementary table 6.4).
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Figure 6.4. Composition of the soluble starch fraction of total starch recovered during 72 h of
incubation of starches with R. bromii. Figures represent A: HBPS and medium blank, B: intrinsic
A-type RS-3 substrates, C: intrinsic B-type RS-3 substrates and D: native granules. Malto-oligomers
were quantified using HPAEC-PAD, in combination with Megazyme GOPOD assay before and after
enzymatic hydrolysis. The average of biological duplicates is shown, the error bars represent the
standard deviation.

3.3. Changes in starch morphology during degradation by primary degraders

Scanning Electron Microscopy can be used to study the changes in starch
morphology due to degradation by gut microbes. Here, we compare substrate
degradation of our intrinsic RS-3 N16-A by primary degraders R. bromii and
B. adolescentis (Figure 6.5-6.7). Furthermore, we compare degradation of N32-B
and N76-B, two B-type intrinsic RS-3 substrates differing in a-1,4 glucan chain
length, by R. bromii (Figure 6.8-6.10). SEM images of all substrates incubated over
time with R. bromii or B. adolescentis can be found in the supplementary
information (Supplementary figure 6.1-6.12).

184



RS-3 degradation by R bromii & B. adolescentis

In our previous studies we observed slight solubilization (+ 10 %) of N16-A after
24 h of incubation (Chapter 30'%l). Also when incubated in mSIEM for 48 h, + 10 %
of N16-A solubilized (Supplementary table 6.1). The SEM images of N16-A
immediately after incubation with R. bromii or B. adolescentis (t0) and the images
after 48 h incubation in mGAM or mSIEM were identical (Figure 6.5-A,B),
indicating that solubilization did not affect the morphology of N16-A. N16-A
consisted of small rectangular blocks of + 1.5 x 0.5 um that were connected to
each other in spherical particles with a diameter of = 3-5 um. Detailed images
clearly show how the rectangular blocks were connected to each other in a dense
spherical particle (Figure 6.5-C). In the middle of the particle, the fibres seem less
aligned (Figure 6.5-C1).

Incubation of N16-A dramatically changed the shape of N16-A over time,
especially when incubated with R. bromii (Figure 6.6-RB). After 24 h of
incubation with R. bromii, the spherical shape of N16-A was still recognizable,
including the rectangular blocks, although the structure became more loose.
After 48 h, the spherical shape of N16-A was completely lost and the rectangular
blocks changed to more spiky structures. After 72 h of incubation with R. bromii,
these spikes were still recognizable at some spots whereas at other spots also this
spiky structure was lost and a less clear microstructure was obtained.

When incubated with B. adolescentis, the structure of N16-A changed less
dramatically (Figure 6.6-BA) and after 24 h, the rectangular blocks that together
formed the spherical particle were very clearly recognizable. Compared to
N16-A at t0, it seems that B. adolescentis especially removed an amorphous layer
that was covering the N16-A intrinsic RS-3, making the structure much better
visible. After 48 and 72 h of incubation with B. adolescentis, the spherical structure
of N16-A was still recognizable and many bacteria were attached to the surface
of the N16-A substrate.

The images give an overall view on N16-A degradation by R. bromii and
B. adolescentis. Also from these images it is clear that R. bromii degraded the
substrate much further, compared to B. adolescentis during 72 h of incubation, as
already indicated by quantifying remaining insoluble starch over time
(Figure 6.1). Quantification of the remaining insoluble starch during incubation
of N16-A with B. adolescentis was not conclusive, since we found a similar
insoluble starch recovery in the incubated N16-A with and without B. adolescentis
(Supplementary table 6.1). From these SEM images (Figure 6.6-BA) it is clear that
B. adolescentis degraded N16-A partially, confirming the acetate generated
during incubation (Figure 6.2) and potentially even degraded the substrate more
than the digestible part only.
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B-SB'RB t48

Figure 6.5. SEM images (5000 x & 25,000 x magnified) of A: Intrinsic RS-3 N16-A with R. bromii (RB)
or B. adolescentis (BA) at t0 and B: incubated N16-A without RB (in mGAM) or BA (in mSIEM) for
48 h, C: incubated N16-A without BA for 48 h.
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Figure 6.6. SEM images (5000 x magnified) of intrinsic RS-3 N16-A with R. bromii (RB) or
B. adolescentis (BA) at 24, 48 and 72 h of incubation.
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More detailed images of N16-A incubated with R. bromii and B. adolescentis over
time, clearly show the bacteria (Figure 6.7 - white arrows). R. bromii is a tiny
coccus-shaped bacterium of + 0.5 pum, sometimes present as diplococcus or in a
chain of cocci. Over time, it can be observed that R. bromii cells were attached all
over the substrate, in between the rectangular blocks (black arrow, t24) and the
spiky structures (t48) (Figure 6.7-RB). After 72 h of incubation, less R. bromii cells
were recognizable, probably related to the R. bromii growth curve, and also here,
it is clear that the initial structure of N16-A was completely lost. Incubation of
another A-type intrinsic RS-3 (P21-A) with R. bromii also resulted in complete
loss of the initial structure after 72 h of incubation (Supplementary figure 6.3).

Such detailed images of N16-A incubated with B. adolescentis over time clearly
show rod-shaped bacteria of + 0.8 pum attached to the N16-A substrate
(Figure 6.7-BA-t24). The structure of the rectangular blocks became clearly
visible and seem to consist of long aligned fibres that together formed such a
rectangular block (black arrow). After 48 h of incubation with B. adolescentis, still
some bacterial cells were recognizable attaching to the N16-A substrate (white
arrows), but these cells were more hidden within cavities. Additionally, some
tiny empty cavities (1-2 pm) were visible (black arrows), probably resulting from
hydrolysis of N16-A by B. adolescentis. After 72 h of incubation with
B. adolescentis, less bacterial cells were visible, probably completely hidden
within the partially degraded N16-A structure. A close look on the starch
structure shows that the N16-A rectangular blocks became more spiky (black
arrow). Degradation of N16-A by B. adolescentis was very different from
degradation by R. bromii, since the initial N16-A structure after 72 h of incubation
with B. adolescentis was still somewhat recognizable. Although slightly less
degraded, similar results were obtained during incubation of another A-type
intrinsic RS-3 (P21-A) with B. adolescentis (Supplementary figure 6.4).
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Figure 6.7. Detailed SEM images (25,000 x magnified) of intrinsic RS-3 N16-A with R. bromii (RB) or
B. adolescentis (BA) at 24, 48 and 72 h of incubation. The white arrows point towards bacteria and
the black arrows to specific starch structures.
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We also investigated the morphology of two B-type intrinsic RS-3 substrates
N32-B and N76-B. N32-B consisted of spherical particles of + 3-7 pm with a quite
smooth surface (Figure 6.8-N32-B). The spheres were partially connected to each
other and a clear interconnection was visible. N76-B, prepared from longer chain
length a-1,4 glucans, consisted of smaller particles of + 2-3 um with a much
rougher surface compared to N32-B, which were also interconnected to each
other (Figure 6.8 — N76-B). Also for these substrates, we confirmed that
incubation in medium without bacteria did not change the starch morphology
(Supplementary figure 6.5, Supplementary figure 6.6).

N32-B t0 N76-B't0

N76-B 10

Figure 6.8. SEM images (5000 or 25,000 x magnified) of intrinsic RS-3 N32-B and N76-B with
R. bromii at t0.

190



RS-3 degradation by R bromii & B. adolescentis

B. adolescentis was unable to degrade B-type intrinsic RS-3, as confirmed by the
lack of acetate and lactate generated (Figure 6.2) and the lack of changes in starch
morphology during 72 h of incubation of N32-B and N76-B (Supplementary
figure 6.7). Additionally, no clear attachment of B. adolescentis cells to B-type
intrinsic RS-3 was observed (Supplementary figure 6.7). In contrast, R. bromii
degraded both N32-B and N76-B, hydrolysing these substrates to primarily
glucose and maltose (Figure 6.4).

During incubation of N32-B with R. bromii, the initial spherical structure could
be recognized at all time points (Figure 6.9-N32-B). Nevertheless, changes in the
surface were visible over incubation time. After 24 h of incubation with R. bromii,
the surface of the initially rather smooth N32-B structure, became more rough,
which was even better visible after 48 h of incubation. After 72 h of incubation
of R. bromii with N32-B, tiny holes within the substrate were recognizable. In
contrast, incubation of N76-B with R. bromii over time, did not result in major
changes of the overall initial N76-B structure (Figure 6.9-N76-B).

Coccus-shaped bacteria were recognizable on more detailed images of N32-B
and N76-B during incubation with R. bromii (Figure 6.10 — white arrows). After
24 h of incubation with R. bromii, the initial smooth structure of N32-B was lost
(Figure 6.10-N32-B). The surface of the N32-B spheres became more rough and
spiky, whereas at other spots the inside of an N32-B became visible (black
arrows). For other N32-B spots, the spiky and rough outer layer was already lost,
whereas after 48 h of incubation with R. bromii the N32-B spheres completely
lacked the spiky and rough outer layer. Interestingly, after 48 h of incubation of
N32-B with R. bromii, bacterial cells were mostly visible on the interconnection
between two spheres. Already at 48 h of incubation, tiny holes of 80-90 nm
within the N32-B spheres were recognizable, which were better visible after 72 h
of incubation (black arrow). Here, coccus-shaped bacteria were fully embedded
within the fully changed N32-B structure.

In contrast to incubation of N32-B with R. bromii, the morphology of N76-B did
not change dramatically when incubated with R. bromii (Figure 6.10-N76-B). As
also observed for N32-B, after 24 h of incubation, coccus-shaped bacteria were
clearly recognizable (white arrows) attached to the N76-B spherical particles.
After 48 h of incubation with R. bromii, coccus-shaped bacteria were again mostly
visible on the interconnection between two N76-B spheres, similar to N32-B, and
the N76-B structure became somewhat more spiky, compared to the surface of
the initial N76-B spheres (Figure 6.8-N76-B).
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N32-B t24 } N76-B t24

N32-B t48 \ N76-B t48

N32-B t72

Figure 6.9. SEM images (5000 x magnified) of intrinsic RS-3 N32-B or N76-B with R. bromii at 24, 48
and 72 h of incubation.
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N76-B t72

Figure 6.10. SEM images (25,000 x magnified) of intrinsic RS-3 N32-B or N76-B with R. bromii at 24,
48 and 72 h of incubation. The white arrows point towards bacteria and the black arrows to specific
starch structures.
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Although N32-B and N76-B were both prepared from narrow disperse
a-1,4 glucans, crystallized in a B-type crystal polymorph and only differed in the
a-1,4 glucan chain length (DPn 32 vs DPn 76), their change in morphology due
to degradation by R. bromii differed. N32-B apparently consisted of spheres of
two unique structures, one dense outer structure that first had to be degraded
by R. bromii resulting in a spiky layer, under which a more smooth inner particle
became visible. In contrast, these two unique layers were not detected in N76-B.
Furthermore, after 72 h of incubation with R. bromii, much more tiny holes within
the NB2-B spheres, compared to N76-B spheres, were detected. For both N32-B
and N76-B, R. bromii especially attached to the interconnection between two
spherical particles.

Comparing initial intrinsic B-type RS-3 N32-B and N76-B with intrinsic A-type
intrinsic RS-3 N16-A, many differences in morphology were visible. N16-A
consisted of rectangular blocks that were connected to each other in a sphere,
whereas N32-B and N76-B did not have a suborder and just consisted of spheres.
After 72 h of incubation with R. bromii the initial structure of N16-A was
completely lost, whereas for N32-B and N76-B the overall initial spherical
particles could still be recognized, although in the case of N32-B fully pierced
with tiny holes.

Both B. adolescentis and R. bromii degraded native maize and potato starch
granules as shown by quantitative analysis and as confirmed by SEM images
(Supplementary figure 6.8-6.11). During incubation of N16-A, P21-A, maize and
potato granules with B. adolescentis, a potential biofilm was formed
(Supplementary figure 6.12), clearly visible on some images.

4. Discussion

R. bromii and B. adolescentis are both recognized as primary degraders of resistant
starch in the gut, although they have a quite different starch degrading
machinery®l. R. bromii degrades starch to malto-oligomers, maltose and glucose
and generates acetate, ethanol, formate and propanol*4. B. adolescentis degrades
starch and takes up malto-oligomers via ABC-transporters and ferments them
via the bifid shunt to acetate and lactatel®>. In this research, we studied the ability
of R. bromii and B. adolescentis to degrade and ferment novel intrinsic RS-3
substrates with specific physico-chemical characteristics. We found that R. bromii
was able to degrade all four intrinsic RS-3 substrates, differing in crystal type
and a-1,4 glucan chain length, to a major extent (Figure 6.1-A). In contrast,
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B. adolescentis was only able to degrade A-type intrinsic RS-3 to a minor extent
(Figure 6.1-B, Figure 6.6).

R. bromii degraded all intrinsic RS-3 and native granules efficiently, but
degradation rates slightly differed among the substrates. The R. bromii enzymes
hydrolysed the insoluble starch to primarily glucose and maltose, released into
the spent medium (Figure 6.4). Such release of glucose and maltose in the spent
medium was also observed previously, when R. bromii was incubated with
nativel?! or retrograded high-amylose maize starch!*4, likely because R. bromii
produces more of these products than it requires to grow. It is known that
R. bromii cannot ferment glucose, is able to utilize maltose slightly, whereas it is
able to utilize maltotriose, maltotetraose and fructose equally well20l and was
shown to utilize galactose too in strains obtained from humans??l. Due to the
lack of glucose utilization and restricted maltose utilization, R. bromii cross-feeds
other bacteria such as A. rectalis?) that utilize these released sugars for the
production of e.g. butyratel*]l. We detected only a minor amount of ethanol and
acetate in the spent medium of R. bromii incubated with intrinsic RS-3, maize and
potato granules or fully soluble HBPS, primarily produced during the first 24 h,
whereas we did not detect any formate (Figure 6.2-A). Previously, low levels of
formate (2-3 mM), ethanol (8-10 mM) and acetate (30 mM) were detected during
the exponential phase of R. bromii growth, with increased levels in the stationary
phase, both when incubated with soluble starch or retrograded high-amylose
maize starch!*4. Additionally, these authors reported minor propanol production
(0.4-0.8 mM) by R. bromii, especially in the stationary phase, which did not elute
within our HPLC run time and could have been formed in our study as well. The
lower levels of acetate detected in our study, compared to Crost et al. (2018)144
could be explained by the other strain (R. bromii L2-36) and conditions used by
these authors. Our results and that of othersi?0 4 indicate that R. bromii still
continued to degrade insoluble starch to soluble glucose and maltose, even when
it was not utilizing these sugars anymore, thereby releasing easily fermentable
sugars that via cross-feeding can be further utilized to produce SCFAs.

B. adolescentis only degraded A-type intrinsic RS-3 to a minor extent, whereas it
rapidly degraded maize and potato starch within the first 24 h, after which
fermentation slowed down (Figure 6.1-B). The fast initial degradation followed
by slowing down can likely be explained by the growth curve of B. adolescentis.
We did not observe any amylase activity in the spent cell-free medium
(Supplementary table 6.3), potentially confirming that B. adolescentis
RS-degrading enzymes are cell-wall anchored!®. B. adolescentis fermented HBPS
and maize starch to lactate and acetate in a ratio of 0.4, whereas potato starch
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and A-type intrinsic RS-3 were fermented to ratios of 0.3 and 0.1, respectively
(Figure 6.2-B). B. adolescentis fermented A-type RS-3 thus very differently
compared to HBPS and maize starch. It is known that bifidobacteria ferment
carbohydrates to different ratios of acetate and lactate, depending on the species,
the substratel*l and the growth ratel*’l. In a recent study based on metabolic
models, it was shown that bifidobacteria tend to lean towards lactate production
in the case of polysaccharides, whereas the balance acetate and lactate is more
1-to-1 in the case of monosaccharides®'l. Although that might be true for easily
fermentable substrates, this seems not to be the case for our complex insoluble
RS-3. Previously, it was shown that due to a limit in energy B. breve would
change from lactate production towards acetyl phosphate to maximise ATP
synthesis!*®l. Probably, catalytic activity by the B. adolescentis enzymes towards
intrinsic A-type RS-3 was so slow, that there was a limit in energy and therefore
a lack of lactate production. Also O’Callaghan and Van Sinderen (2016) reported
in their review that less lactate is produced by bifidobacteria when the energy
source is consumed at a slow ratel®?l,

For R. bromii we found slight differences in the rate of insoluble starch
degradation for various substrates (Figure 6.1-A) and also the mechanism of
degradation seemed different as indicated by the SEM images where intrinsic
B-type RS-3 was pierced with tiny holes after fermentation, which was not
recognized with A-type intrinsic RS-3 (Figure 6.7, Figure 6.10). We observed low
amylase activity in the spent cell-free medium and no pronounced differences
among the substrates (Supplementary table 6.4), which might confirm a previous
finding where most of the amylase activity was detected in the cell pellet, rather
than in the spent medium, indicating that the amylases are cell-associated!??l.
Substrate specificity differs among R. bromii strains and within a strain, with e.g.
faster degradation of cooked high-amylose maize starch, compared to cooked
(partially digestible) Novelose® 330122l. R. bromii possesses a starch-degrading
machinery called amylosome, able to degrade starch substrates of many
sourcesl??l, not yet found for any other species. The amylosome is thought to be
anchored in the R. bromii cell-wall, and consists of four GH13 enzymes called
Amy4 (amylase)) Amy9 (amylase), Amyl0 (pullulanase) and Amyl2
(pullulanase), and containing dockerin and cohesin modules that provide
stability to the amylosome complex!??> 21, Additionally, cell-free amylosome
complexes have also been proposed to form between Amy4, Amy9, Amy10,
Amyl2 and Amyl6 (amylase) and structural proteins containing cohesin
domains (scaffoldin 3 or scaffoldin 4)?2l. The presence of such cell-free
amylosome complexes could explain the tiny holes obtained in B-type intrinsic
RS-3, likely produced by extracellular amylases excreted in the medium.
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Recently, it was shown that another amylase (Amy5), not being part of the
amylosome complex, but present on the cell-surface of R. bromii did not contain
any CBM and preferred binding of short a-1,4 glucans/?®l. This amylase produced
primarily maltose from among others amylose, amylopectin and soluble starch
with lower levels of glucosel?l. Activity such as shown for Amy5 could explain
why we primarily found maltose and glucose in the spent medium. However,
how R. bromii exactly degraded these intrinsic RS-3 substrates remains to be
discovered.

It is remarkable that B. adolescentis was unable to degrade B-type intrinsic RS-3
and only degraded A-type intrinsic RS-3 slowly, but easily degraded native
maize and potato starch granules. Utilization of potato granules by another
B. adolescentis strain was also shown previouslyl®l. B. adolescentis L2-32 encodes
seven extracellular starch-specific GH13 enzymes3® 4], including multiple CBMs
of which one CBM74, associated with insoluble starch binding[? 3¢l. Recently, it
was shown that other B. adolescentis strains (DSM 20083, previously not indicated
as RS-degrading strainl®l, and DSM 24849) degraded highly resistant RS-3
preparations with varying amount of a-1,6 branch points for + 20 — 80 %[5l
Nevertheless, these RS-3 preparations, having a B-type polymorph, were
prepared from much longer a-1,4 glucans (3.46 x 10* Da)% and were probably
less crystalline than ours. Why B. adolescentis L2-32 was unable to degrade B-
type intrinsic RS-3 and fermented A-type intrinsic RS-3 only slightly and if other
B. adolescentis strains can utilize intrinsic RS-3, remains to be discovered in the
future.

It has been shown by Nagara et al. (2022) that when both R. bromii and
B. adolescentis were present in the faecal microbiome, especially B. adolescentis
increased in relative abundance when subjects consumed raw potato starchis],
together with increased acetate levels in the faeces. In contrast, subjects that did
not harbour B. adolescentis, but R. bromii and A. rectalis in their microbiome,
showed increases in relative abundance of primarily A. rectalis, together with its
metabolite butyrate, after the intervention. These authors suggested that B.
adolescentis is more competitive than R. bromii and could even take over the
surface of potato starch granules when first R. bromii fully covered this surface
in vitrol®l. Since raw potato starch is efficiently degraded by both primary
degraders R. bromii and B. adolescentis (Figure 6.1), it is considered to be a non-
specific dietary fibrel5ll. In contrast, intrinsic RS-3 might be more specific,
promoting primarily R. bromii, even when subjects have both R. bromii and B.
adolescentis in their microbiome. Supplementation of intrinsic RS-3 might thus be
beneficial, since R. bromii could cross-feed to other microbes including butyrate
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producers such as A. rectalis. If co-culture of these species with intrinsic RS-3
results in efficient butyrate production remains to be investigated.

5. Conclusions

This research is the first to study the fermentability of intrinsic RS-3 with specific
physico-chemical characteristics by primary resistant starch degrading gut
microbes R. bromii and B. adolescentis. R. bromii was able to degrade all intrinsic
RS-3 substrates and hydrolysed these to primarily maltose and glucose, although
it did not benefit from the released sugars and needed components from the
medium to sustain its growth. Using SEM, R. bromii cells were clearly detected
attached to the substrates. After 48 and 72 h of incubation, tiny holes were found
within B-type intrinsic RS-3, but not within A-type intrinsic RS-3, potentially
indicating a different degradation mechanism. B. adolescentis was unable to
degrade B-type intrinsic RS-3 and was only slightly able to degrade A-type
intrinsic RS-3. B. adolescentis cells clearly attached to A-type intrinsic RS-3,
whereas this was not observed for B-type intrinsic RS-3. It can be concluded that
a highly specific enzyme machinery, such as expressed by R. bromii, is required
to be able to ferment intrinsic RS-3 in the gut. Future studies are needed to reveal
the exact enzymatic pathways of intrinsic RS-3 degradation by R. bromii and
B. adolescentis. The basic research performed in this study provides valuable
information on primary degradation of RS-3, which could support future studies
on the prebiotic potential of intrinsic RS-3.
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8. Supplementary information

Supplementary table 6.1. Insoluble and soluble (incl. glucose) starch recovery during incubation of
starch with B. adolescentis L.2-32

Sample name Time point (h) Insoluble starch (%)  Soluble starch (%)
0 98.4+3.3 1.4+0.3
24 90.4+0.9 0.8+0.2
N16-A 48 88.8+4.8 0.7+0.1
72 85.5+5.3 0.6 +0.0
SB 48 83.5+0.5 11.4+0.2
0 99.1+14 1.8+0.5
24 925+3.6 09+0.1
P21-A 48 103.0+10.5 1.0+0.1
72 99.5+1.5 0.7+0.2
SB 48 81.6+13.2 8.9+0.2
0 99.7 +5.1 1.8+0.2
24 99.4+3.6 1.0£0.1
N32-B 48 101.8 +4.2 1.0+0.0
72 95.0+5.7 0.7+0.2
SB 48 92.4+1.8 8.8+0.2
0 98.7+1.3 0
24 97.6 +2.6 1.1+0.2
N76-B 48 915+94 1.7+0.8
72 99.2+7.6 1.3+0.6
SB 48 94.6 +4.0 1.2+0.6
0 100.8 +3.4 0.1+0.1
24 57.0+8.2 1.6+0.0
Maize starch 48 61.8+10.8 1.3+0.5
72 284 +7.7 1.8+0.3
SB 48 96.5+4.7 0.8+1.0
0 94.6 £2.3 0
24 60.2+4.8 09+04
Potato starch 48 39.8+5.9 0.8+0.1
72 43.1+14.8 0.6+0.1
SB 48 90.8 6.2 0.6+0.0
0 n.a. 101.9+0.9
24 n.a. 149 +5.6
HBPS 48 n.a. 45+2.1
72 n.a. 3.0+0.1
SB 48 n.a. 102 +8.1
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Supplementary table 6.2. Insoluble, soluble (excl. glucose) and glucose recovery during incubation
of starch with R. bromii ATCC27255

Samplename Time point (h) Insoluble starch (%) Soluble starch (%) Glucose (%)

0 55.9+1.0 369+24 42+0.1
24 46.6 +3.0 31.0+49 109+0.4
N16-A 48 272 +3.6 27.0+5.1 17.0+0.4
72 11.9+3.1 304+19 225+0.2
SB 48 59.6 +1.5 395+29 4.0+03
0 61.1 £63.5 343 +0.6 48+1.5
24 39.7+28 327+34 11.7 +0.7
P21-A 48 20.1+0.8 28.3+3.1 19.1+£0.7
72 3.8+0.0 32.6+4.8 242+04
SB 48 56.0+4.5 369+1.0 45+1.4
0 61.5+2.8 35.3+0.3 45+0.1
24 449 +3.1 27.9+27 13.0+3.1
N32-B 48 28.6+2.7 225+0.6 18.7 +0.5
72 13.0+1.7 261+15 22.6+1.1
SB 48 61.2+73 33.2+1.9 42+0.6
0 624+13 353+0.6 6.7 +3.8
24 478 +1.6 27.6+0.5 9.5+0.3
N76-B 48 38.7+5.8 20.7+1.3 142+19
72 17.7 +0.7 242 +09 193+14
SB 48 59.0+04 325+1.9 4.0+0.1
0 63.1+1.8 35.2+43 5.0+0.3
24 494 +0.5 314+4.1 129+1.5
Maize starch 48 33.6+0.9 275+5.1 199+28
72 121+£22 31.8+0.9 27.7+4.2
SB 48 60.7 2.0 305+35 55+2.4
0 63.3+22 31.0+43 6.9+45
24 51.8+6.9 23.8+3.7 105+2.5
Potato starch 48 485+7.0 16.2+1.5 13.1+£0.6
72 285+1.3 21.2+0.0 171+1.2
SB 48 62.3+1.7 32.3+0.2 43+0.6
0 n.a. 100.3+3.7 46+1.1
24 n.a. 819+1.5 17.2+0.7
HBPS 48 n.a. 65.0+0.8 23.6 0.6
72 n.a. 574+17 25.0+0.9
SB 48 n.a. 90.0+5.2 5.1+0.3
0 n.a. 83971 16.7+9.2
R. bromii 24 n.a. 58.8+0.9 19.3+0.9
48 n.a. 28.1+1.0 19.3+0.7
blank
72 n.a. 279+1.6 23.6+25
SB 48 n.a. 88.6 +4.6 10.8 +1.5
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Supplementary table 6.3. Extracellular a-amylase activity, secreted in the supernatant by
B. adolescentis 1.2-32 during 72 h of incubation. The average of two biological duplicates is given.
One Ceralpha unit of activity is the amount of enzyme required to release one micromole of p-
nitrophenol from BPNG7 per minute, per mL fermentation medium.

Sample name t0 t24 48 t72

sG2A 0.0001 0.0040 0.0048 0.0043
P21-A 0.0001 0.0035 0.0035 0.0038
N32-B 0.0000 0.0015 0.0021 0.0019
N76-B 0.0001 0.0016 0.0014 0.0013
Maize 0.0000 0.0070 0.0052 0.0054
Potato 0.0001 0.0068 0.0066 0.0063
HBS -0.0001 -0.0012 -0.0008 -0.0016
B. adolescentis blank 0.0001 0.0013 0.0016 0.0015

Supplementary table 6.4. Extracellular a-amylase activity, secreted in the supernatant by R. bromii
ATCC27255 during 72 h of incubation. The average of two biological duplicates is given. One
Ceralpha unit of activity is the amount of enzyme required to release one micromole of p-
nitrophenol from BPNG?7 per minute, per mL fermentation medium.

Sample name toh t24h t48h t72h
N16-A 0.0013 0.1231 0.1456 0.1625
P21-A 0.0010 0.1136 0.1306 0.1432
N32-B 0.0008 0.1157 0.1301 0.1451
N76-B 0.0008 0.1104 0.1207 0.1446
Maize 0.0008 0.1219 0.1404 0.1404
Potato 0.0011 0.1383 0.1752 0.1808
HBPS 0.0007 0.1185 0.1507 0.1526
R. bromii blank 0.0007 0.1325 0.1442 0.1216
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HV curr [ mode mag [] [}
12:04:45PM | 2.00kV | 13 pA | TLD SE 10000x | 7.1 mm | 29.8 pm corn - B. adolescentis - t24

Supplementary figure 6.12. SEM images of maize starch by B. adolescentis after 24 h of fermentation,
showing the formation of a biofilm.
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Chapter 7

1. Research aim and main findings

The aim of this research was to investigate how to improve the resistant starch
content within resistant starch type 3 (RS-3) preparations by the use of defined
physico-chemical properties and if and how such highly resistant RS-3 substrates
were fermented by faecal microbiota of various subjects. An overview of the
physico-chemical characteristics of the RS-3 preparations as made and
characterized in this project, their in vitro digestibility and their fermentability
by the various faecal inocula, as presented in detail in the experimental chapters,
is shown in Table 7.1.

1.1. Preparation of RS-3 counterparts

As elaborated in Chapter 1, already before the start of this project researchers
investigated the effect of Mw and crystal type of RS-3 preparations on in vitro
digestion!’-3, but the in vitro fermentability of such RS-3 preparations was largely
unknown. Furthermore, the effect of Mw distribution on RS-3 formation and
subsequent in vitro digestion and fermentation was not yet taken into account.
Within this project, we designed twelve RS-3 preparations in such a way that
they all had a counterpart with only one physico-chemical property different
(a-1,4 glucan chain length, Mw distribution, crystal type) (Table 7.1) (Chapter 2).
This allowed us to study the effect of chain length, Mw distribution and crystal
type of RS-3 preparations on in vitro digestion and fermentation.

1.2. /n vitrodigestion of RS-3 preparations

As explained in detail in Chapter 2, especially crystal type was determinant for
the resistance to in vitro digestion, with RS-3 preparations having an A-type
crystal being much more resistant than B-type counterparts (Table 7.1), as also
observed previously!'l. However, when prepared from longer chain length a-1,4
glucans, also B-type RS-3 preparations were very resistant to digestion. Six of
the twelve RS-3 preparations were found to be highly resistant to digestion
(intrinsic RS-3, 80-95 % RS) (Chapter 2[4). These six intrinsic RS-3 substrates
comprised three samples with an A-type polymorph (average degree of
polymerization (DPn) 16-22) and three with a B-type polymorph (average DPn
32-76). The other six RS-3 preparations contained a varying RS content (0-70 %)
and comprised of one sample with an A-type polymorph (DPn 14) and five with
a B-type polymorph (DPn 14-40) (Table 7.1).
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It is quite remarkable that P14-A and N16-A only differed minorly in chain
length and Mw distribution, but behaved very differently in terms of in vitro
digestion (Table 7.1), with N16-A being highly resistant to pancreatic digestion
and P14-A following a typical starch digestion pattern (Chapter 2). Apparently,
RS-3 preparations made of DPn 14.3 a-1,4 glucans are less stable than ones made
of DPn 15.6, resulting in this major difference in terms of in vitro digestion.

1.3. /In vitrofermentation of RS-3 preparations

In vitro fermentation of the twelve RS-3 preparations revealed that intrinsic RS-3
(80-95 % RS) was fermented distinctly different from RS-3 preparations that
contained a digestible fraction (0 - 70 % RS) (Chapter 3 & 4). Intrinsic RS-3
substrates were fermented slowly to acetate and butyrate by pooled adult faecal
inoculum, whereas RS-3 preparations containing a digestible fraction were
fermented rapidly to acetate and lactate using the same inoculum. Digestible
starch was fermentable by all faecal inocula tested, whereas this was not the case
for intrinsic RS-3 (Table 7.1).

1.3.1. Intrinsic RS-3, a novel dietary fibre?

Generally, we observed that intrinsic RS-3 (80-95 % RS) was hardly fermented or
very slowly fermented by faecal microbiota as described in Chapter 3-5 (Table
7.1). Next to the fermentability of intrinsic RS-3 by the faecal inocula listed, we
also incubated intrinsic RS-3 with faecal inocula of other subjects (pre- and post-
weaning piglets, 6- and 9-month old infants) and generally observed low
fermentability of intrinsic RS-3. Using pooled adult faecal inoculum, we
observed that + 60 % of intrinsic RS-3 was fermented within 48 h of incubation,
already quite long for such an in vitro experimentl! (Chapter 3), whereas + 25 %
was degraded within the same time frame using pooled post-weaning piglet
faecal inoculum (Chapter 5). Intrinsic RS-3 is thus a rather difficult-to-degrade
dietary fibre and likely specialized bacteria with advanced enzymatic
machineries are required to achieve degradation of such substrates. This was
also shown indirectly by the limited RS-3 degrading capacity of pooled pre-
weaning piglet faecal inoculum and individual faecal inocula obtained from
infants and one adult, likely not harbouring such specific gut microbes (Chapter
4-5). The difficult-to-degrade nature of intrinsic RS-3 certainly has drawbacks,
since such intrinsic RS-3 might be unfermentable by different subjects, either due
to the lack of these specialized bacteria within the gut microbiome or due to too
fast transit in which these RS-3 substrates are defecated untouched.
Nevertheless, the difficult-to-degrade nature of intrinsic RS-3 also has
opportunities, since such intrinsic RS-3 has the potential to arrive in the distal
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colon. Furthermore, intrinsic RS-3 might have prebiotic potential by stimulating
specific health-beneficial gut microbes.

1.3.2. Intrinsic RS-3 and gut microbiota

After in vitro fermentation of intrinsic RS-3 using pooled adult faecal inoculum,
we observed increases in relative abundance of specific phylotypes (ASVs)
within Lachnospiraceae and Ruminococcus, whereas using pooled post-weaning
piglet faecal inoculum, we observed specific increases in relative abundance of
Prevotella and Roseburia. Known primary RS degraders Ruminococcus bromii and
Bifidobacterium adolescentis were shown to have a similar degrading capacity
towards resistant starch type 2 (RS-2) (raw potato starch), whereas this was
different for intrinsic RS-3 (Chapter 6). R. bromii efficiently degraded intrinsic
RS-3 to glucose and maltose, whereas B. adolescentis was hardly able to degrade
A-type intrinsic RS-3 and was unable to degrade B-type intrinsic RS-3. Intrinsic
RS-3 might therefore be considered as a dietary fibre that is only degradable by
specific gut microbes, which need to be present within the gut microbiome to
achieve degradation.

1.4. Morphology of RS-3 and its microbial degradation revealed by SEM

We used scanning electron microscopy (SEM) as a tool to observe the effect of
chain length, Mw distribution and crystal type on morphology of the obtained
RS-3 preparations and on the change in morphology due to degradation by gut
microbes. In Chapter 2, we showed that RS-3 preparations made from narrow
disperse a-1,4 glucans crystallized in much more narrow disperse particles,
compared to RS-3 made from polydisperse a-1,4 glucans, that crystallized in
large blocks. A- and B-type RS-3 counterparts had similar particle size, but
especially the surface morphology differed, in contrast to a study by Cai & Shi
(2013)B1. The high resolution SEM used, allowed us to study the surface of RS-3
particles and their degradation by gut microbes in more detail than ever reported
(Chapter 3 & 5). Especially the degradation by R. bromii and B. adolescentis
(Chapter 6) taught us about the interesting morphology of these insoluble
dietary fibres.
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2. Redefining resistant starch: intrinsic and kinetic RS,
food for specialists versus generalists

2.1. Intrinsic and kinetic RS differ in digestibility

Currently, resistant starch is considered as the fraction of starch that is
undigested in the small intestine and transits to the colonl®l, where it is subject
to fermentation. This is a purely physiological definition and does not explain
why this starch fraction is not digested in the upper gastro-intestinal tract (GIT),
neither on the absolute digestibility among individuals, nor on the physico-
chemical properties and structure required to reach the colon and be effectively
fermented. Starch that arrives in the colon simply because it is kinetically not
digested by the upper GIT enzymes differs from starch that arrives in the colon
because those enzymes are physically unable to degrade it. The latter one can be
considered a dietary fibre as such, similar to non-digestible carbohydrates
pectin or inulin. In contrast, (partially) digestible starches cannot be considered
dietary fibres as such, since the amount of digestible starch arriving in the colon
is hard to predict and largely depends on the individual consuming it!”l.

2.2. Digestible starch is food for generalists

The gut microbiota composition is very host-specific and therefore varies
immensely among individuals!®l. Nevertheless, among individuals the overall
metabolic function of the gut microbiome is rather similar!®, resulting in similar
fermentation capabilities of the two gut microbiotas of two individuals, while
the responsible microbes might differ completely. Based on the fermentation
characteristics among individuals, dietary fibres can be divided into two groups:
those that are fermentable by a wide range of bacteria in the gut (non-specific
fibres), and those that are fermentable by only a few specialized bacteria (specific
fibres), due to their chemical and physical characteristicsl?l. The gut microbiota
encodes many carbohydrate-active enzymes, of which glycoside hydrolase
family 13 (GH13), the largest starch-active enzyme family, is represented the
mostl1%. The fact that many gut microbes encode GH13 enzymes!'!], suggests that
starch is an important substrate for obtaining glucose or malto-oligosaccharides
as energy source. We have shown that soluble potato starch was fermentable by
many different faecal inocula (Chapter 3-5), and, depending on the botanical
source, autoclaved starches might even stimulate different microbial
populationsl’?l. Nevertheless, it has been shown that digestible starch
supplementation did not change the faecal microbiota composition of
individuals, both when supplemented in a low or a high dosel'3l. These examples
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suggest that (partially hydrolysed) digestible starch -if arriving in the colon- is
fermentable by many different gut microbes and therefore a non-specific “fibre”,
since no special enzyme machineries are required to hydrolyse such starch.

2.3. RS-2 and intrinsic RS-3 are food for specialists

Other starches, such as raw granular starch from potato or high-amylose maize
are slower digested by upper GIT enzymes and thus contain a larger proportion
of resistant starch! according to the Englyst model!'>.. Most of the gut microbes
cannot degrade such granular starches, but e.g. Ruminococcus bromii and
Bifidobacterium adolescentis have been shown to efficiently degrade raw potato
(Chapter 6) and high-amylose maize starchl®l. In recent in vivo studies
investigating the effect of raw potato starch (RS-2) on the faecal microbiota
composition, it was observed that the changes in microbiota composition were
highly variable among individuals!'3 1718, After the intervention, it was observed
that either Bifidobacterium increased in relative abundance, or Ruminococcus with
Agathobacter rectalis [Eubacterium rectale] increased in relative abundance, or no
changes in microbiota composition were observed at alll’> 17 181, The high
variability among individuals after the intervention indicates that RS-2 from
potato is not a very specific dietary fibrel®l. Raw potato starch can be effectively
degraded by, among others, the well-studied primary RS-degraders R. bromii
and B. adolescentis (Chapter 6), with B. adolescentis dominating when both are
present('7l. Nevertheless, in most cases, supplementation of RS-2 from potato did
change the faecal microbiota composition of individuals after the intervention!'>
17.18], making it a dietary fibre that is much more specific than e.g. digestible
starch.

In this project, we studied the fermentability of intrinsic RS-3 (80-95 % RS) by
different faecal inocula (Chapter 3-6). Only 1 of the individual faecal inocula
tested was clearly able to ferment intrinsic RS-3 within 48 h, and from the pooled
faecal inocula tested only faecal inoculum obtained from adults was
convincingly able to ferment intrinsic RS-3 efficiently. Especially intrinsic RS-3
prepared from narrow disperse a-1,4 glucans was found to increase the relative
abundance of Ruminococcus (Chapter 3) and indeed we showed that R. bromii
ATCC27255 could degrade these substrates (Chapter 6). In contrast,
B. adolescentis L2-32, a known RS-degrading strainl'¢ 1%, was unable to degrade
such intrinsic RS-3. Assuming that intrinsic RS-3 is also resistant to hydrolysis
by other B. adolescentis strains, intrinsic RS-3 could be considered an even more
specific dietary fibre, compared to raw potato starch (RS-2), making it food for
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real specialists such as R. bromii, and a potential useful health-beneficial
ingredient.

3. In vitro fermentation of intrinsic versus partially
digestible or pre-digested RS-3 preparations

During this project, more research was published on the fermentability of RS-3
preparationsl?*-28l.  Several studies focused on the preparation and
characterization of RS-3 spherulites, followed by in vitro fermentation?! 2% 27,
whereas others focussed on the changes in microbiota composition without full
characterization of the RS-3 preparations!?> 2> 28], Some studies included a pre-
digestion treatmentl20-25], whereas others reported the RS content but fermented
the RS-es without further pre-digestion!?! or did not report the RS content nor
performed pre-digestion!?”. 28l. Some studies freeze-dried their pre-digested RS-3
substrates prior to in vitro fermentation(?!. 28 2], although it was shown previously
that freeze-drying majorly impacted the RS-content of RS-3 substrates!®. Such
major differences in experimental set-up and characterization make it difficult
to compare our results to the ones obtained in recent studies.

3.1. The effect of Mw distribution

Published research on the digestibility and fermentability of RS-3 (preparations)
used (partially) debranched amylopectinsi20: 23 24 271 or starches of various
(botanical) sourcesl?! 22 251, exploiting all a polydisperse Mw distribution. In this
project, we also took the effect of Mw distribution into account by enzymatic
synthesis of narrow disperse a-1,4 glucans crystallized into RS-3 preparations.
Our results showed that Mw distribution minorly affected the in vitro digestion
of RS-3 preparations of similar chain length and crystal type (Chapter 2).
However, within intrinsic RS-3 (= 80 % RS), Mw distribution seemed an
important factor steering for specific microbial populations, such as higher
relative abundance of Lachnospiraceae for RS-3 preparations of polydisperse Mw
distribution and higher relative abundance of Ruminococcus for RS-3
preparations of narrow disperse Mw (Chapter 3).

To elaborate further on the effect of Mw distribution of RS-3 preparations on in
vitro fermentation, we also studied the fermentability of an RS-3 preparation
with an even broader Mw distribution compared to dWPS-B (= P40-B, PI 2.11,
Table 7.1), namely partially pullulanase debranched waxy potato starch
crystallized in a B-type polymorph (ppdWPS-B). Both polydisperse dWPS-B and
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ppdWPS-B contained a digestible fraction ((+ 30 % (Table 7.1) and + 50 %,
respectively) that was partially removed prior to in vitro fermentation to obtain
RS enriched substrates dWPS-B-pd and ppdWPS-B-pd. These pre-digested
substrates showed a typical B-type polymorph (Figure 7.1-A). The typical
bimodal Mw distribution of fully isoamylase debranched waxy potato starch
(dWPS-B-pd) was recognizable within partially pullulanase debranched
ppdWPS-B-pd (Figure 7.1-B), although the latter showed a much broader Mw
distribution. N32-B, prepared from enzymatically synthesized «-1,4 glucans,
obviously had a much more narrow Mw distribution compared to both
debranched starches.
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Figure 7.1. Figure A: XRD diffractograms of dWPS-B-pd (P40-B-pd) and partially pullulanase
debranched waxy potato starch (ppdWPS-B-pd) after pre-digestion using pancreatin and sG20-B
(N32-B). Figure B: High-performance size exclusion chromatogram of dWPS-B-pd, ppdWPS-B-pd
and sG20-B. The numbers indicate the Mw (kDa) of pullulan standards at the representative
retention times.

N32-B, dWPS-B-pd and ppdWPS-B-pd were in vitro fermented using pooled
adult faecal inoculum and total starch recovery, short-chain fatty acids (SCFAs)
and lactic acid and changes in microbiota composition were evaluated
(Figure 7.2), using similar protocols and methods as described in Chapter 3
and 4.

All starches were fermented at an approximately similar rate, with + 60 % of
starch degraded after 48 h (Figure 7.2-A), while generating acetate and butyrate,
with low levels of propionate and lactate (Figure 7.2-B). Analyses of the
microbiota composition after 48 h of in vitro fermentation indicated that all
starches stimulated rather similar microbial populations, with +30-40 %
Bifidobacterium and 30-40 % Lachnospiraceae (Figure 7.2-C). However,
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fermentation of N32-B and dWPS-B-pd also caused an increase in relative
abundance of Ruminococcus, whereas this was not observed for ppd WPS-B-pd.
The results seem to suggest that the more narrow the Mw distribution, the higher
the relative abundance of Ruminococcus.
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Figure 7.2. Incubation of dWPS-B-pd (P40-B-pd), ppdWPS-B-pd and N32-B with pooled adult faecal
inoculum during 48 h of incubation. The average of biological duplicates is shown. Figure A: total
starch recovery. Figure B: SCFAs and lactic acid produced (umol/mg substrate). Figure C:
Microbiota composition after 48 h of fermentation of the ASVs representing > 2 % of the total relative
abundance, results of both biological duplicates are indicated.

The morphology of these RS-3 substrates greatly differed, with N32-B consisting
of quite dense spherical particles, whereas more polydisperse substrates formed
much larger blocks without a clear microstructure (Figure 7.3). Interestingly, to
both substrates from polydisperse a-1,4 glucans primarily rod-shaped bacteria
were attached, whereas for N32-B we observed primarily coccus-shaped bacteria
(Figure 7.3). It is likely that more narrow disperse a-1,4 glucans crystallize in a
more ordered way, resulting in a more ordered microstructure. Such ordered
microstructure is potentially more difficult to degrade, resulting in the need for
specialized enzyme machineries to achieve degradation. These results and our
findings as described in Chapter 3, suggest that RS-3 formed from polydisperse
a-1,4 glucans result in better accessible structures, whereas RS-3 formed from
narrow disperse a-1,4 glucans result in more dense structures, and are thus
potentially more specific dietary fibres, than polydisperse RS-3 counterparts.
However, the synthesis of narrow disperse a-1,4 glucans is much more costly
than debranching waxy starches. Whether such dense structures can also be
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formed from polydisperse a-1,4 glucans by optimizing the crystallization
parameters, requires further investigation.

ppdVWPS-B-pd dWPS-B-pd

pPdWPS-B-pd 50 dWPS-B-pd 50 N32:B 50

| dwps-B-pd t50

Figure 7.3. SEM images of pre-digested ppdWPS-B-pd and dWPS-B-pd and intrinsic RS-3 N32-B
before (300 pm) and after 48 h of incubation with pooled adult faecal inoculum (10 and 3 pm).

3.2. The effect of crystal type and chain length

As elaborated, crystal type had a major influence on resistance to digestion of
RS-3 preparations, with A-type RS-3 much more resistant than B-type RS-3
counterparts (Chapter 2), e.g. P21-A vs P22-B (Table 7.1). Due to the larger
amount of digestible starch present within B-, compared to A-type RS-3
counterparts, we could not make a direct comparison in fermentability of A- and
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B-type RS-3. In a recent study though, Liu et al. (2022) fermented starch
spherulites prepared from debranched waxy maize starch in an A- or B-type
polymorph!?’], essentially allowing to study the effect of crystal type on e.g.
microbiota composition. Although Liu et al. did not report the digestibility of
their RS spherulites, nor performed a pre-digestion prior to in vitro fermentation,
they found similar fermentation rates but distinct microbial populations after
fermentation of RS-3 spherulites of A- vs B-type polymorph!?’l. Especially A-type
RS-3 preparations promoted the abundance of butyrogenic bacteria like
Roseburia faecis and Lachnospiraceae, similar to our findings, whereas B-type RS-3
preparations promoted more propionate producing bacteria like Prevotella
copri?’l. In contrast, when comparing A- and B-type RS-3 counterparts in our
study, we always observed distinct differences in fermentation rate, SCFA
production and microbiota composition, when fermented by various inocula,
due to the presence of digestible starch within B-type counterparts (Chapter 3-5).
When the digestible starch fraction was (partially) removed, we observed a
rather similar fermentation rate, SCFA production and microbiota composition
during fermentation of A- and B-type RS-3 counterparts (Chapter 3). Also Chang
et al. (2021) investigated the fermentability of A-type RS-3 prepared from
debranched waxy maize starch and found enhanced butyrate production, similar
to our study, but did not study changes in microbiota composition!?’l. Our results
as described in Chapter 6 showed that Bifidobacterium adolescentis was somewhat
able to ferment A-type intrinsic RS-3, whereas unable to ferment B-type intrinsic
RS-3. However, these A- and B-type intrinsic RS-3 substrates also differed in
chain length, making it impossible to conclude on crystal type as a single
parameter. Based on our findings, we can conclude that crystal type is highly
determinant for resistance to digestion of RS-3 counterparts, but does not
majorly affect fermentability within highly resistant RS-3.

No other studies reported the effect of chain length on fermentability of RS-3 and
we observed a similar fermentation rate and SCFA production of RS-3
counterparts differing in «-1,4 glucan chain length (Chapter 3). After
fermentation of both A- (N16-A and N18-A) and B-type (N32-B and N76-B)
counterparts differing in chain length we observed slightly higher relative
abundance of Ruminococcus with intrinsic RS-3 prepared from longer chain
length a-1,4 glucans. In Chapter 6, it was shown that N76-B (longer chain length)
was degraded slightly slower by R. bromii compared to N32-B, and the changes
in morphology due to degradation, as observed on the SEM images, distinctly
differed among the two substrates. However, all differences observed regarding
chain length were minor and therefore, it can be concluded that also a-1,4 glucan
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chain length is more determinant for RS formation than for steering in vitro
fermentation within highly resistant RS-3.

4. The prebiotic/synbiotic potential of intrinsic RS-3
and R. bromii

One of the aims of this project was to design highly resistant RS-3 that would
stimulate butyrate production, as was achieved by e.g. our substrate P21-A,
being highly resistant to in vitro digestion and stimulating microbial populations
that resulted in the highest butyrate-acetate ratio among the incubations
performed (Chapter 3). However, next to the dietary fibre, especially the initial
microbiota composition determines the production and composition of SCFAs
during in vitro fermentation®l. Nevertheless, it has been shown that butyrate-
producing bacteria from the Clostridium cluster XIVa, such as Roseburia and
Agathobacter rectalis [Eubacterium rectale], increased in relative abundance in
responding individuals when consuming RSI'3 17,321, making RS indeed of interest
to enhance butyrate production in the colon.

As elaborated, in studies providing raw potato starch (RS-2) to subjects, the
outcomes on faecal microbiota composition and enhanced butyrate production
were highly variable among individuals!'> 181 with either increased relative
abundance of B. adolescentis and its metabolite acetate or increased R. bromii with
A. rectalis and enhanced butyratel'?l. Bifidobacterium is already long described as
a probioticP®l, but in a recent in vivo study investigating the effect of raw potato
starch supplementation on microbiota composition, a lack of butyrate
production was observed when B. adolescentis increased in relative abundance,
also when both R. bromii (RS-degrader) and A. rectalis (butyrate producer) were
both presentl'”l. Moreover, when B. adolescentis and A. rectalis were both present,
A. rectalis did not increase in relative abundance during the intervention!'7],
potentially indicating that A. rectalis did not benefit from primary degradation
by B. adolescentis. This suggests that for increasing butyrate production in the
colon, it might be more beneficial to have a resistant starch that is specifically
degradable by e.g. R. bromii and butyrate-producers like A. rectalis, and not by
B. adolescentis, to avoid the competitive nature of Bifidobacterium. Since we
showed that B. adolescentis strain L2-32, a known RS-degrading strainl'® I, was
hardly able to degrade intrinsic RS-3, whereas R. bromii ATCC27255 efficiently
degraded this substrate (Chapter 6), intrinsic RS-3 could be such a specific
resistant starch. Therefore, supplementation of intrinsic RS-3 in the diet might
potentially result in degradation of such substrates by R. bromii, also when
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R. bromii and B. adolescentis are both present within the gut microbiome. Due to
the observed slow degradation of intrinsic RS-3 in mono-culture and in faecal
inocula, intrinsic RS-3 might transit to the distal colon, be degraded by R. bromii,
thereby potentially cross-feeding butyrate-producing secondary degraders as
shown in in vivo studies on RS-21'3 7] and promote butyrate production in the
distal colon.

However, supplementation of intrinsic RS-3 to promote butyrate production is
obviously only beneficial when subjects harbour R. bromii, since otherwise
efficient degradation might be limited, as shown by a study of Walker et al.
(2011) who provided 14 overweight men with RS-3 and found two non-
responders that still had > 60 % of the starch remaining in their faeces®. A
follow-up study investigating the faecal samples of the same men showed a low
increase in relative abundance of R. bromii in 6 out of 14 men, including the non-
respondersl®, indicating that also other primary degraders might have
degraded the RS-3 in responding men. Interestingly, when Bifidobacterium was
absent or decreased, R. bromii increased in all subjects (except for the non-
responders), potentially confirming the competition between R. bromii and
B. adolescentisi®]. Nagara et al. (2022) showed that 4 out of 10 healthy men
harboured R. bromii within their microbiome, of which two also harboured
B. adolescentis and all subjects harboured A. rectalis!'’l, whereas Walker et al.
showed that 8 out of 14 men increased in relative abundance of R. bromii after
RS-3 supplementationl®2. Together, these studies illustrate that 40 — 60 % of the
subjects harbour R. bromii in their microbiomel'” 3. In case subjects do not
possess R. bromii within their gut microbiome, they could potentially benefit
from supplementation with R. bromii together with intrinsic RS-3 as a synbiotic
to achieve efficient degradation and potential enhanced butyrate production in
the distal colon. Indeed, recently R. bromii was included in a list of so-called next-
generation probiotics, for its ability to degrade resistant starch®l.

5. Other potential RS degraders

Especially Ruminococcus bromii and Bifidobacterium adolescentis are recognized as
primary degraders of RS in the gut®! and, as elaborated, various studies
reported increases in relative abundance of R. bromii or B. adolescentis after a diet
high in RS-2 (raw potato starch)!!> 17l. R. bromii was reported as key-stone
degrader, since individuals lacking this species did not degrade RS-31%2], whereas
when the faecal inoculum of such individual was supplemented with R. bromii,
RS-3 degradation was restored!’l. These primary degraders have substrate
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specific preferences('® 1% 1, with B. adolescentis being more competitive than
R. bromii when fermenting e.g. raw potato starchl'7l.

Although currently primarily R. bromii and B. adolescentis are described as
primary degraders of RS, such capabilities were also shown recently for other
species, such as Ruminococcoides bili obtained from human bilel38! or Ruminococcus
species FMB-CY1 closely related to R. bromiil®!. In our study, we found increased
relative abundance of Roseburia and of a specific Prevotella_9 ASV when intrinsic
RS-3 was incubated with pooled post-weaning piglet faecal inoculum
(Chapter 5). Furthermore, when intrinsic RS-3 was incubated with pooled adult
faecal inoculum, we found an increase of a certain, but different Prevotella_9 ASV
(Chapter 3). Although it has been shown that Prevotella increased in relative
abundance when rats were fed high RS diets, Prevotella was not associated with
RS degradation in that study*l. We also found an increase in relative abundance
of Lachnospiraceae (Chapter 3), that might have contributed to RS degradation
and fermentation in our study. Other researchers reported Clostridium leptum as
a potential degrader!(®3], but so far no supporting literature was found.

5.1. Binding to starch

The ability to degrade RS is likely related to the ability to bind to insoluble
starches. B. adolescentis and R. bromii were both shown to attach to insoluble RS
(Chapter 6), likely because they both express several carbohydrate binding
modules (CBMs). Although not fully revealed yet, their starch-degrading and
binding mechanisms differ. R. bromii binds and degrades insoluble RS using its
amylosomelll, which is highly conserved among R. bromii strainsl®’l. The
amylosome complex consists of starch-degrading GH13 enzymesl®’! and starch
binding proteins and is highly stabilized due to the presence of various cohesins
that bind to dockerinsl®l. Recent research revealed that the different binding
proteins within the R. bromii amylosome have unique binding features!“2 43, with
e.g. starch adherence system 6 (Sas6) consisting of a CBM26 and a CBM74 that
have proposed binding to short malto-oligosaccharides, and single and double
helical a-glucans, respectively®}l. In contrast, the ability to utilize insoluble
resistant starch is not conserved among B. adolescentis strains, although some
strains can efficiently ferment high-amylose maize starch!’], whereas others
were shown to utilize highly resistant (>90 %) RS-3 substrates!*!. RS-degrading
B. adolescentis strains express three extracellular RS-degrading a-amylases, that
have various CBMs and have different activity towards high-amylose maize
starch’l. Binding proteins such as the various CBMs, seem necessary to allow
binding to insoluble (raw) starches and enhance hydrolysis by the a-amylases.
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Recently, it has been shown that especially CBM74 increased in relative
abundance when highly resistant high-amylose maize starch and raw potato
starch were incubated with faecal inoculum from 1 healthy adult donor, whereas
overall relative abundance of GH13 enzymes increased in all fermentations,
including less resistant starches!?’l. These authors suggested that such CBM74
might be necessary to bind to complex insoluble RS, whereas such CBM is
unnecessary for more accessible starches?sl. CBM74 is a large module that was
indeed shown to bind to insoluble starches!*l. Recently, Photenhauer et al. (2022)
reported many bacteria with a CBM74 encoded in their genome, of which most
had one or more other CBMs (20, 25 or 26) appended to it*3l. Ravi et al. reported
that CBM74 was encoded in several species after fermentation of RS-2, such as
R. bromii and newly detected species candidatus Blautia hennigii, candidatus
Ruminococcus anthropic, candidatus Cohabitans norwichensisi?®! and indeed also
some B. adolescentis strains were shown to encode such CBM74431. Furthermore,
it has been shown that some Prevotella species from human faeces encode a
putative a-amylase with a CBM74 and a CBMZ26 in their genomel!*). This,
together with the observed increase in relative abundance of Prevotella ASVs in
our in vitro work (Chapter 3 & 5) make such Prevotella species of interest to
investigate for their RS binding and degrading capability.

Also gut microbes that are not known to encode a CBM74 in their genome might
be RS degraders, such as the Roseburia ASV and potentially the Lachnospiraceae
ASV that increased in relative abundance when intrinsic RS-3 was incubated
with pooled post-weaning piglet or pooled adult faecal inoculum, respectively
(Chapter 5, 3). Some of these Clostridium cluster XIVa bacteria are known
butyrate producers and secondary degraders of starch, that possess one
extracellular cell-wall anchored a-amylase that includes one or more CBMs to
support binding to insoluble starch!®: +7l. For example, Roseburia inulinivorans,
has been reported as secondary degrader of starch®¢], harbouring one cell-
surface anchored a-amylase/neopullulanasel*sl. Interestingly, this species was
shown to upregulate genes for the synthesis of a flagellin, especially during
growth on starch, possibly indicating that it can move towards insoluble
starch!*l. Also Agathobacter rectalis [Eubacterium rectale] was shown to possess
one extracellular cell-wall anchored a-amylase that binds starch via five CBMs
belonging to families 26, 41, 82 and 83[#71. Although A. rectalis has not been shown
to directly degrade resistant starch granules, it was found to increase in
abundance when R. bromii partially degraded the starch first!’®l and thus may
benefit from primary degradation of RS by R. bromiil®l, thereby promoting
butyrate production.
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The ability to degrade highly resistant starch is not limited to known RS-
degrading gut microbes R. bromii and B. adolescentis. However, fermentation of
intrinsic RS-3 in our study was more efficient using pooled adult faecal inoculum
(with specific Ruminococcus ASV), compared to pooled post-weaning piglet
faecal inoculum (specific Roseburia and Prevotella_9 ASVs) (Chapter 3, 5), which
might indicate that efficient degradation of intrinsic RS-3 requires specialized
enzyme machineries such as present in R. bromii. Whether intrinsic RS-3 is thus
efficiently degraded by other potential RS-degrading gut microbes than R. bromii
requires further investigation.

6. Digestible starch for one is kinetically resistant
starch for another

The results obtained within this project indicated that many faecal inocula, such
as that of infants and pre-weaning piglets, were hardly able to ferment intrinsic
RS-3 within the incubation time tested (Table 7.1 and data not shown). As
elaborated, the difficult-to-degrade nature of intrinsic RS-3 likely requires gut
microbes with specialized enzymatic machineries to achieve efficient
degradation, which might not (yet) be present in pre-weaning piglet or infant
microbiota. Such subjects could benefit from supplementation of more easily
fermentable fibres, such as galacto-oligosaccharides or isomalto-
oligosaccharides!® 5!. Depending on the individual, also slowly digestible starch
might be considered a dietary fibre for particular individuals, that have e.g.
lowered starch digestive capacities such as young mammals like infants!®2l and
pre-weaning piglets(53l. P14-A is an RS-3 preparation that was slower digested
by pancreatic a-amylase, compared to soluble starch, and contained a small
resistant starch fraction based on the Englyst model(*], although fully digestible
with extended incubation times (Chapter 2, Table 7.1). Such substrate might be
partially fermented in the colon of individuals that have lower a-amylase
activity in their upper GIT. Here, we compare results obtained after in vitro
fermentation of P14-A using three individual faecal inocula of 6-month-old
infants (Figure 7.4). Fermentation of P14-A by pooled pre- and post-weaning
piglet faecal inoculum and pooled adult faecal inoculum as described in Chapter
5 and Chapter 4, respectively, is shown as reference. The gut microbiota
composition of the three 6-month old infant faecal inocula used was typically
rich in Bifidobacterium (Figure 7.4-A) as reported beforel>* and is shown as
reference at family level.
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Figure 7.4. Comparison of in vitro fermentation of P14-A by faecal inocula of 6-month-old infants
and pooled faecal inocula of pre- and post-weaning piglets and adults. Methods were as described
in Chapter 3, 4 and 5. Figure A: Microbiota composition in relative abundance (Family) of faecal
microbiota. Figure B1: Total starch recovery during 48 h of in vitro fermentation of P14-A by the
respective faecal inocula. Figure B2: Starch recovery in the insoluble and soluble (incl. glucose)
fraction. Figure C: SCFAs, lactic and succinic acid (umol/mg substrate) formed during in vitro
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fermentation of P14-A. Infant 1 and infant 2 are the same as B_f6 and P_p6 in Chapter 4.
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Degradation of P14-A by individual faecal inocula obtained from 6-month-old
infants was slow and incomplete within 36 h of fermentation (Figure 7.4-B1).
Among the 6-month old infants, the faecal microbiota of infant 1 was most
efficient in degrading P14-A, whereas especially that of infant 3 was almost
unable to degrade P14-A. Interestingly, around 60 % of the total starch was
remaining after 48 h of fermentation of P14-A by faecal microbiota of infant 2,
whereas a closer look to the starch composition (Figure 7.4-B2) indicates that the
(partially) insoluble P14-A was almost fully degraded to soluble oligomers
(primarily maltose and maltotriose, data not shown). Pooled human adult and
pre- and post-weaning piglet faecal inocula almost fully degraded P14-A within
36 h (Figure 7.4-B1). Pre- and post-weaning piglet and human adult faecal
microbiota fermented P14-A to SCFAs and lactate, whereas that of infant 2 did
not fully convert the released maltose and maltotriose further to SCFAs and
lactate (Figure 7.4-C). This indicates that microbes within the faecal microbiota
of infant 2 were able to express the desired a-amylases to degrade such RS-3
preparations, but further conversion of small malto-oligomers to SCFAs was
limited. These results thus illustrate that among 6-month-old infants the
degradation capabilities of the gut microbiota towards an “easily” fermentable
substrate like partially digestible starch greatly differ. Furthermore, these results
illustrate the importance of quantifying the remaining starch after fermentation
in both a soluble and insoluble fraction, since sometimes bacterial enzymes are
present that can degrade the substrate, but further conversion to SCFAs is
hindered (infant 2), whereas in other cases the appropriate bacterial enzymes
may be absent (infant 3).

The faecal inocula of the various subjects fermented P14-A to different amounts
of SCFAs, lactate and succinate (Figure 7.4-C). Infant 1 (Bf_6) only produced
acetate, similar to fermentation of soluble potato starch (SPS) as shown in
Chapter 4. Faecal inocula obtained from pre- and post-weaning piglets and
adults all fully fermented P14-A, but the conversion to SCFAs differed both in
composition and in amount (Figure 7.4-C). SCFAs are often quantified as a
measure for fermentability. Here we show that pooled piglet faecal microbiota
fermented the same substrate to lower amounts of SCFAs compared to pooled
human adult faecal microbiota, whereas the amount of substrate utilized was the
same. A lower amount of SCFAs for pig versus human faecal inocula, while a
similar amount of substrate was utilized, was also observed previously, when
pig(let) and human faecal inocula were used to ferment a variety of dietary
fibers!® %51, In contrast, others observed a similar total SCFA production with
similar substrate utilization using pig and human faecal inoculal® 57l. The major
difference in total amount of SCFAs produced in our study can likely be
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explained by the increase in relative abundance of Bifidobacterium using pooled
adult faecal inoculum as described in Chapter 4. Bifidobacterium is very efficient
in theoretically fermenting 1 mol glucose to 1.5 mol acetate and 1 mol lactate via
the bifid shunt!®®! and was not present in piglet faecal inoculum (Chapter 5).

7. Considerations for pre-digestion assays when
studying the prebiotic potential of resistant starch

We have shown that the digestible starch fraction is fermented differently than
the resistant starch fraction within resistant starch preparations (Chapter 3-4).
Most resistant starches or resistant starch preparations contain both a digestible
and a more resistant fractionl'* 5 ¢l Such starches, including commercial
ingredients such as C*Actistar™ and Novelose® 330, need to be pre-digested to
obtain the RS fraction and to enable a study towards their prebiotic potential in
vitro. However, in vitro digestion assays are developed to quantify the amount
of RS and not necessarily as a pre-treatment for obtaining the RS fraction. For
studying the prebiotic potential of RS-es, it is needed to use a method that
removes the digestible fraction prior to in vitro fermentation, without any effect
on the physico-chemical properties of the remaining resistant starch.

Previous studies on in vitro fermentation of (resistant) starches that included a
pre-digestion step, used different methods (Table 7.2). The method of pre-
digestion is essential, since methods are differently efficient in removing the
digestible fraction and thus may affect the in vitro fermentability as was shown
by Tuncil et al., 2018¢). Commonly, a combination of porcine pancreatic a-
amylase and amyloglucosidase (AMG) is used for pre-digestion (Table 7.2).
Pancreatic a-amylase is used because it is considered the main starch
hydrolysing enzyme in the small intestine, whereas fungal amyloglucosidase is
used to mimic the effect of brush-border a-glucosidases. However, the use of
AMG for the recovery of the resistant starch fraction might be less preferable
than expected.
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Table 7.2. A selection of in vitro pre-digestion methods used in literature to obtain the resistant

starch fraction for in vitro fermentation.

Removal/inactivation

Starch Dryi
are Enzymes used of hydrolysed ymng Ref.
source method
substances
Salivary a-amylase, Dried,
RS-2 porcine pepsin, Dialysis method not 162]
porcine pancreatin specified
Sahv?ry a—amylaée, Washed and .
RS-3 porcine pancreatin . Oven-dried 1231
. centrifuged
and amyloglucosidase
li - 1
5 1v?ry aramy aée, Heated to 100 °C, )
RS-3 porcine pancreatin . . Freeze-dried 1291
. dialysis
and amyloglucosidase
RS-2, Pancreatin jcmd Washed, centrifuged, Not dried 221
RS-3 amyloglucosidase ethanol treatment
Pepsin, pancreatic o
Eth 1 tat
RS-2 a-amylase and ano’ precipitation, Air-dried [63]
. washing, centrifuged
amyloglucosidase
Salivary, gastric and
. . . Not
RS-3 pancreatic enzymes, Centrifugation . (641
. specified
not specified
RS-2, Porcine pancreatic Addition of O'? M Rotary
Na2C0Os, washing, . [25]
RS-3 a-amylase . . evaporation
centrifugation
Thermostable Centrifugation,
RS-3 a-amylase, washing with water Oven dried [65]
amyloglucosidase and ethanol
RS-3 Porcine pancreatin Cer'ltrlfugatlon, Oven dried Chapter
washing with water 3

7.1. The use of fungal amyloglucosidase re-considered

In the upper GIT, several brush-border a-glucosidases are present that primarily

hydrolyse soluble dextrins released by pancreatic a-amylase to glucosel®l.

Previously, it has been shown that brush-border a-glucosidases enhance starch

hydrolysis when incubated with pancreatic a-amylase, compared to hydrolysis

by pancreatic a-amylase alonel¢’], clearly illustrating that the activity of these

a-glucosidases is not neglectable. Nevertheless, the majority of the starch

digestion models either ignore the activity of brush-border a-glucosidases (e.g.
INFOGEST)I81 or replace them with fungal amyloglucosidases (AMG) (e.g.
Englyst!!51)[¢9], for the purpose of quantification!”. When AMG is used together

with pancreatic a-amylase, soluble starch is fully hydrolysed to glucose, similar
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to the in vivo situation. Both AMG and brush-border a-glucosidases are active
on granular starches!”, but affinity among substrates differsl”!, with AMG
generally being more active towards raw starches!” and partially pancreatic
a-amylase digested starches!”?l. Next to being active on native granules!”s], AMG
alone was also active on intrinsic RS-3 (unpublished own results). This is likely
because AMG from Aspergillus niger has a CBM2074 that binds strongly to raw
starches and was shown to be highly important for AMG activity on granular
starches!” 761. Due to the strong binding of AMG to insoluble starches, it seems
almost impossible to fully remove AMG after a pre-digestion treatment without
changing the starch structure. This, in combination with the overdose often
used!”], might make that AMG remains active during in vitro fermentation,
releasing easily fermentable glucose residues and therefore influencing the real
fermentability of resistant starches, while not even fully resembling the activity
of brush-border a-glucosidases. Therefore, it is recommended for future
research to avoid using AMG during in vitro digestion as pre-treatment for
obtaining the RS fraction.

7.2. Inactivation of the digestive enzymes

Most of the studies as presented in Table 7.2 did not use any method to inactivate
the digestive enzymes. Although applied by somel?”], heating should be avoided,
since it may (partially) solubilize the starch and therefore introduce newly
formed digestible starch. Many studies washed the digested substrate several
times with water and/or ethanol or used dialysis to remove the hydrolysed
oligomers and digestive enzymes (Table 7.2). Previously, it was shown that
pancreatic a-amylase binds to retrograded starch directlyl””], implying the
difficulty of simply removing pancreatic a-amylase by repeated washing cycles.
To elaborate on this difficulty, we incubated our P40-B substrate with pancreatin,
performed 4 cycles of washing with milliQ and subsequently oven-dried the pre-
digested substrate (P40-B-pd). Successively, we incubated the P40-B-pd
substrate in mSIEM for 48 h and analysed the solubilized fraction. Here, we
observed slight activity of remaining pancreatic a-amylase as illustrated by the
chromatograms and quantitative analysis of released malto-oligomers over time
(Figure 7.5). Although the remaining activity is minor, as shown by the presence
of malto-oligomers > DP 5 after 48 h of incubation, these results also indicate that
pancreatic a-amylase cannot be fully washed away and this thus indicates a need
for proper inactivation methods of digestive enzymes prior to in wvitro
fermentation. Warren et al. (2018) treated the substrates after pre-digestion with
0.3 M Na2COs to stop hydrolysis followed by three washing cycles!?’l. Such
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treatment may be a good option, left aside that it does not affect the physico-
chemical characteristics of the RS-3 substrates.

600

500

_DP2

Y
=3
S

= DP4
@ DP3
O DP2
O Glc

_DP3

Percentage of total starch
OCsaNwWAULON®OD

w
o
=3

~Glc

EE

0 8

36 48
DP4 Incubation time (h)

PAD response (nC)
»
=3
o

t48
t36
t24
t8
t0
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0
Retention time (min)

Figure 7.5. High-performance anion exchange chromatograms of pre-digested P40-B incubated for
48 h in modified simulated ileal efflux medium (mSIEM). The malto-oligomers are identified within
the chromatogram. The inset presents the quantification of glucose, maltose, maltotriose and
maltotetraose within these samples as percentage of total starch.

A new protocol for in vitro batch fermentation of foods suggests to add 10 % of
the supernatant obtained after pre-digestion to the in vitro batch fermentationlsl.
This includes the enzymes used for pre-digestion, since they will be fermented
by the microbes tool®, which would obviously inhibit their activity. Although
such addition of supernatant after pre-digestion may better reflect the in vivo
situation than fully removing the released oligosaccharides and digestive
enzymes, for studying the prebiotic potential of resistant starches, it is
recommended to avoid having an easily digestible fraction as elaborated on in
Chapter 4.

7.3. The way of drying might induce newly formed digestible starch

In most studies the pre-digested starches were dried prior to in wvitro
fermentation (Table 7.2). Previously, it has been shown that the drying method
used affected the digestibility of RS-3 preparations/® and the fermentability of
precooked pea starches!”l. Newly formed digestible starch can be introduced by
the drying method, of which the fraction may be larger when choosing freeze-
drying over air-drying®)l. Freeze-drying, as proposed by Lebet et al. (1998)1"9],
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should be avoided, since it was shown to decrease crystallinity and therewith
increase the fraction of digestible starchl®l. Air- or oven-drying is mostly used
(Table 7.2), but also using oven-drying, newly formed digestible starch may be
introduced as shown by the presence of soluble oligomers at t0 (Figure 7.5).

Future research is thus required to obtain pre-digested starches that mimic
upper GIT digestion, in which the enzymes are properly removed, the starch
fraction is not changed due to heating and no newly formed digestible starch is
introduced due to drying.

8. Concluding remarks and future perspectives

Butyrate is found to be essential for gut healthl® and supplementation of
resistant starch in the diet has been associated with increased butyrate levels in
the gut!®ll. RS-3 is retrograded starch that is formed in cooked and cooled foods,
but can also be prepared as a food ingredient. RS-3 is usually heat-stable and
therefore has potential as a health-beneficial ingredient that can be added as such
to foods. To enable transit to the colon and potentially promote butyrate
production over there, it is essential that RS-3 is highly resistant to pancreatic
a-amylase. Here, we prepared highly resistant RS-3 from a-1,4 glucans of
varying chain length, retrograded into A- (DPn 16 - 22) or B-type (DPn 32 - 76)
crystals. These intrinsic RS-3 substrates (80-95 % RS) were shown to promote
butyrate production and/or butyrate producing bacteria during in wvitro
fermentation. To achieve degradation of intrinsic RS-3 in the gut, it is likely that
specific gut microbes are required to be present within the gut microbiota, unlike
other starches that are degradable by many gut microbes. Intrinsic RS-3 therefore
clearly differs from gelatinized or granular starches and RS-3 as found in cooked
and cooled foods and is potentially stimulating more specific starch-degrading
bacteria in the gut, compared to gelatinized or granular starches.

Intrinsic RS-3 (80-95 % RS) can be prepared from narrow disperse a-1,4 glucans,
crystallized in spherical particles with an A-type crystal (short chain length) or
B-type crystal (long chain length). Enzymatic synthesis of narrow disperse a-1,4
glucans using glucose-1-phosphate is very costly, but could potentially be
avoided. This could be done by either optimizing crystallization parameters to
obtain spherical and dense particles from debranched waxy starches directly, or
by enzymatic treatment of such debranched waxy starches to obtain a more
narrow disperse Mw distribution, followed by crystallization. Obviously, such
treatments are only valuable when they still result in RS-3 with high resistance
to digestion (= 80 % RS).
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We have observed that many faecal inocula were unable to degrade intrinsic
RS-3 efficiently within the incubation time tested, and if degraded, the
degradation rate was quite slow. The slow degradation of intrinsic RS-3 might
cause transit to the distal colon. In the distal colon, intrinsic RS-3 might be
specifically degraded by e.g. RS-degrading specialists such as Ruminococcus
bromii, that could cross-feed with butyrate-producing Lachnospiraceae and
therefore enhance butyrate production. When Ruminococcus bromii is not present
within the microbiome, intrinsic RS-3 might be defecated untouched. In such
case, subjects could benefit from intrinsic RS-3 with R. bromii supplementation
as a synbiotic. If intrinsic RS-3 is efficiently degraded within the transit and
results in enhanced butyrate production in vivo, requires further investigation.

Our results suggest that degradation of intrinsic RS-3 requires specific gut
microbes with specific enzymatic machineries. Intrinsic RS-3 might therefore be
considered as a very specific dietary fibre. To confirm that intrinsic RS-3 is such
a specific dietary fibre, future research should investigate its specificity using
individual faecal inocula from different subjects, and quantify the starch
degradation and determine the changes in microbiota composition after
incubation. These individual faecal inocula should also be supplemented with
R. bromii to study if R. bromii could enable butyrate production from intrinsic
RS-3 in subjects that do not harbour R. bromii. Furthermore, it is recommended
to study the intrinsic RS-3 degrading capacity of other B. adolescentis strains than
tested in this project and of other potential RS-degrading species, such as
Prevotella and Roseburia. If intrinsic RS-3 is indeed considered such a specific
dietary fibre by specifically being degradable by R. bromii and promoting
butyrate production in vitro, its abilities to promote butyrate production in vivo
should be studied. This research thus indicates that intrinsic RS-3 has the
potential to be a beneficial ingredient by potentially promoting butyrate
production in the distal colon and therewith promoting a healthy gut.
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Summary

The aim of this research was to investigate how to improve the resistant starch
content of resistant starch type 3 (RS-3) preparations and how highly resistant
RS-3 substrates are fermented by various faecal inocula. These results will
contribute to find new food ingredients that could reach the distal colon and
enhance butyrate production over there.

The first chapter contains a state of the art literature overview describing
research already performed on improving the RS content of RS-3 preparations.
Previous research primarily used a-1,4 glucans of polydisperse mixtures to
prepare RS-3 preparations, whereas narrow disperse a-1,4 glucans tend to
crystallize better and could thus potentially improve the resistance to upper
gastro-intestinal tract (GIT) digestion. Although highly resistant RS-3
preparations (> 85 % RS) were prepared in the past decade, knowledge on the
fermentability of such highly resistant RS-3 by gut microbiota is still lacking and
needed to understand the prebiotic potential of such ingredients. Only few
microbes are known that are efficiently degrading and/or fermenting highly
resistant starch in the gut.

We investigated which physico-chemical characteristics are of importance to
increase the RS content of RS-3 preparations (Chapter 2). For this, a-1,4 glucans
varying in chain length (DPn 14 — DPn 76) and Mw distribution were prepared.
Polydisperse a-1,4 glucans were obtained by debranching amylopectins of
various (modified) sources, whereas narrow disperse a-1,4 glucans of similar
average chain length were prepared by enzymatic synthesis. Subsequently, the
obtained «-1,4 glucans were crystallized at 4 or 50 °C into B- and A-type
polymorphs, respectively, resulting in twelve RS-3 preparations varying in chain
length, Mw distribution and crystal type. The twelve RS-3 preparations were
tested for their digestibility using pancreatin and amyloglucosidase. Crystal type
had the largest influence on resistance to digestion (A >>> B), followed by chain
length (high DP >> low DP) and Mw distribution (narrow disperse >
polydisperse). Overall, six RS-3 preparations were obtained that were highly
resistant to digestion (= 80 % RS), whereas six others contained a varying RS
content (0 — 70 % RS).

The six highly resistant RS-3 substrates (intrinsic RS) and two RS enriched
fractions obtained after pre-digestion of RS-rich RS-3 preparations were
fermented in vitro using a pooled inoculum of four healthy adult faecal samples
(Chapter 3). All substrates were yielding relatively high butyrate levels after
fermentation, whereas propionate production was limited. Furthermore, we
observed increases in relative abundance of primarily three genera. Especially
Ruminococcus increased in relative abundance when a pooled adult faecal
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inoculum was used to ferment RS-3 substrates prepared from narrow disperse
a-1,4 glucans, whereas Lachnospiraceae and Bifidobacterium increased in relative
abundance after fermentation of all substrates using the same inoculum.

The six RS-3 preparations with varying RS content (0 - 70 % RS) were fermented
in vitro without a pre-digestion treatment, using a pooled healthy adult faecal
inoculum (Chapter 4). The results showed that, depending on the digestible
starch fraction present, the microbiota composition after fermentation was fully
dominated by Bifidobacterium, resulting in acetate and lactate accumulation. No
cross-feeding was observed and, when the digestible starch was fully fermented,
the further fermentation of the RS fraction was inhibited. This study thus showed
the importance of pre-digestion prior to in vitro fermentation when researching
the prebiotic potential of RS, since the presence of digestible starch may hugely
impact the fermentation of resistant starch. Furthermore, the results showed that
digestible starch was fermentable by many different microbial populations,
whereas this was not the case for intrinsic RS-3, clearly distinguishing these two
starch categories.

The prebiotic potential of RS-3 preparations was also investigated for strongly
developing microbiota, by in vitro fermentation of selected RS-3 preparations
using pooled faecal inocula obtained from pre- and post-weaning piglets
(Chapter 5). The results showed that RS-3 preparations containing a digestible
starch fraction cannot be considered a prebiotic for pre- and post-weaning
piglets, since such substrates were not stimulating specific microbes. In contrast,
intrinsic RS-3 might have prebiotic potential for post-weaning piglets, since it
stimulated specific phylotypes (ASVs) within Prevotella and Roseburia. The slow
degradation rate using post-weaning piglet faecal microbiota and the limited
degradation by pre-weaning piglet faecal microbiota of intrinsic RS-3 illustrated
the difficult-to-degrade nature of this fibre.

To investigate if highly resistant RS-3 preparations were degradable by well-
known RS-degrading species Ruminococcus bromii and Bifidobacterium
adolescentis, a selection of intrinsic RS-3 substrates was inoculated with these
species, whereas native potato and regular maize starch were taken along as
controls (Chapter 6). The results showed that R. bromii degraded all substrates
to primarily glucose and maltose, without further fermentation. B. adolescentis
fermented raw starch granules efficiently, fermented A-type RS-3 substrates
minorly and did not at all ferment B-type intrinsic RS-3. This suggests that
intrinsic RS-3 might be a more specific dietary fibre than e.g. raw potato starch.
Scanning electron microscopy was used to evaluate the changes in starch
morphology due to degradation by these gut microbes, which showed us how
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distinctly different the intrinsic RS-3 of varying physico-chemical characteristics
were, and that the way of degradation by the two gut microbes differed

enormously.

Chapter 7 provides a general discussion, in which we compare the results
obtained in this project and reflect on the main findings and implications. The
relatively large number of RS-3 substrates studied in this research allowed us to
have a better understanding on the effect of RS-3 physico-chemical
characteristics on in vitro digestion and fermentation and taught us how to
design highly resistant RS-3 with preferred digestion and fermentation
characteristics. Such highly resistant RS-3 could potentially be used to stimulate
butyrate production in the distal colon.
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