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s ABSTRACT: Resistant starch (RS) is a nondigestible carbohydrate that serves as a prebiotic and is fermented by colonic bacteria to
6 produce short-chain fatty acids (SCFAs). Here, in vitro digestion-derived residues (RSs) from five high-amylose starches (HASs; four
7 RS2 and one RS3) were evaluated for their effects on microbiota composition and SCFA production using a simulated colonic
8 fermentation model inoculated with human fecal microbiota. RSs with more amorphous structures and lower short-range order
9 generated the highest SCFA levels and promoted the growth of the primary RS degrader Bifidobacterium adolescentis. In contrast, RSs
10 with higher resistance to digestion and retained B-type crystallinity favored propionate-associated taxa, including Veillonella spp. and
11 Bacteroides spp., whereas less resistant RSs promoted butyrate-producing taxa such as Clostridium spp. These results suggest that
12 structural features of RS are associated with differences in microbial composition and metabolic activity, providing insights into the

13 design of HAS-based dietary fibers with targeted prebiotic functions.

14 KEYWORDS: high amylose starch, resistant starch, gut microbiota, simulated colonic fermentation, short-chain fatty acids

1. INTRODUCTION

15 The gut microbiota play a fundamental role in maintaining
16 human health by regulating various physiological functions,
17 including metabolism, immune responses, and fat storage.l_3
18 Diet is a critical factor in shaping the composition and activity
19 of the gut microbiota, with particular emphasis on indigestible
20 carbohydrates.”* Starch is the major dietary carbohydrate
21 consumed worldwide, and its digestion-resistant fraction,
2 termed resistant starch (RS), has attracted considerable
23 attention due to its prebiotic properties.”®

24 The gut bacteria utilizing RS are categorized into primary
25 degraders, directly decomposing RS enzymatically, and
26 secondary degraders, or cross-feeders, utilizing the products
27 of the primary degraders, like oligosaccharides and metabo-
2 lites.””"" Key microbiota members, including strains of
29 Bifidobacterium adolescentis and Ruminococcus bromii, are
30 primary degraders of the complex and compact RS granules
31 (native (RS2) and retrograded (RS3) structures),"’ enabling
32 other gut bacteria to propagate on this type of substrate.
33 Selected gut microbiota members are capable of fermenting RS
34 and forming short-chain fatty acids (SCFAs), having different
35 physiological effects and are widely considered beneficial.'*~"®
36 Butyrate, for example, serves as an energy source for mucosal
37 cells and is linked to protection against colorectal cancer, while
38 propionate contributes to gluconeogenesis in the liver and has
39 been associated with promoting satiety, lowering cholesterol,
40 and maintaining glucose homeostasis.'~'® The SCFA
41 production in RS colonic fermentation relies on a syntrophic
42 network of cross-feeding interactions. RS is broadly classified
43 into five types (RS1—RSS) based on its structural origin:
44 physically entrapped starch (RS1), native granular starch
45 (RS2), retrograded starch (RS3), chemically modified starch
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(RS4), and amylose-lipid complexes (RSS).® These types exert 46
distinct effects on gut microbiota composition and metabolic 47
output.”'”~*" Even different kinds of HAS of the same RS type 43
can elicit exclusive responses. For instance, within the RS2 49
category, native corn HAS supplementation was associated so
with an increase in R bromii and the butyrate-producer s1
Eubacterium rectale, whereas native potato HAS primarily s2
favored B. adolescentis, with an overall increase in SCFA s3
production.”’ 54

Starch consists of two glucose polymers (a-glucans): the ss
essentially linear amylose (AM) and the branched amylopectin s6
(AP).”> HAS granules have higher amylose (50—90%) relative s7
to amylopectin content than normal starches and are an s8
important source of RS.”® Their structural features endow (i) 59
fewer attack sites for hydrolytic enzymes on the granular 6o
surface and (ii) dynamic reorganization of AM and AP chains 61
during digestion.”*** Several HAS crops are available, 6
including wheat, maize, barley, potatoes, and peas.26_29 63
Previous studies have shown that HASs from different sources 64
exhibit distinct granular features, internal molecular reorgan- s
ization capabilities, and resistance to digestive enzymes.”>*”*°
Moreover, starches differing in botanical origin and structural 67
characteristics have been reported to affect gut microbiota 68
composition and SCFA production differentially.” However, 6
the upper gut digestion-induced reorganization generates RS 70
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residues with distinct crystalline and molecular features, which
are biomimetically generated in this study. Hence, these
digestion-derived RS fractions, rather than the native starches
themselves, are the substrates that ultimately reach the colon
and interact with gut microbiota. The relationships between
the structural characteristics of digestion-derived RS fractions
and their effects on microbial composition and metabolic
activity remain poorly understood.

To better understand how structural differences among
digestion-derived HAS-RS fractions influence gut microbiota
composition and SCFA production, residual RS fractions were
generated from five HASs using an in vitro digestion
procedure.”> The obtained individual HAS-derived RS
fractions were isolated and subjected to simulated colonic
fermentation at controlled temperature and pH>' by fecal
inocula from three healthy donors. Simulated colonic
fermentation of the different in vitro-digested HAS RS
substrates elicited differences in microbiota dynamics and
SCFA profiles. The findings provide a foundation to
understand and exploit HASs’ potential for dietary inter-
ventions to enhance gut health.

2. MATERIALS AND METHODS
2.1. Materials

Four of the RSs were generated from native granular HASs, i.e, RS
type 2,> of different crops showing assorted hydrolase resistance. A
subgroup of RS3, referred to as enhanced resistant starch (eRS), was
prepared by “amylolytic shaving” of amylose-only barley starch
(AOBS) granules,”® which was included as an amylolytically highly
resistant model to extend the range of digestion-derived RS structures
evaluated in this study. Specifically, four starches from high-amylose
crops: maize, Hylon VII, Ingredion, USA, and NAFUG60 from China,
referred to as HAMSI and HAMSII with amylose content (AC) of
72% and 61%, respectively;}’3 wheat with AC 67% (HAWS; gift of
Northwest A&F University, China); and barley with AC 97%
(amylose-only barley starch, AOBS).””** To obtain enhanced RS
(eRS), AOBS was treated with pancreatin (Sigma-Aldrich, P754S)
and amyloglucosidase (Sigma-Aldrich, A7095) in a simulated
intestinal digestion system (S0 mM sodium acetate, S mM CaCl,,
pH 5.5, 37 °C) for 10 h under gentle agitation, as previously
described.”® The reaction was terminated by adding Na,CO, (0.3 M
resulting concentration), and the AOBSeRS, regarded as RS3, was
washed and freeze-dried.

2.2. In Vitro Enzymatic HAS Digestion

Prior to the simulated colonic fermentation (see Section 2.4), the
HASs were subjected to a standardized static in vitro biochemical
salivary, gastric, and intestinal digestion model.>*** Buffers for SSF,
SGF, and SIF fluids were prepared and adjusted to pH 7.0, 3.0, and
7.0, respectively, as described in Supporting Information. Five grams
of HAS were mixed with S mL of SSF with 375 U salivary amylase
(Sigma-Aldrich, A1031) and incubated for 2 min at 37 °C with orbital
agitation. After the oral phase, 10 mL of SGF with 20,000 U pepsin
(Sigma, P7000, from porcine gastric mucosa) was added, and the pH
was adjusted to 3.0 with 0.1 M HC], followed by incubation for 2 h at
37 °C with orbital agitation. Finally, for the intestinal phase, 20 mL of
SIF with 2000 U pancreatin (Sigma-Aldrich, P7545) and 10 mM bile
salts (Sigma-Aldrich, B8631) werer added, and the pH was adjusted
to 7.0 with 0.1 M NaOH, followed by 2 h of incubation with orbital
agitation at 37 °C. The “0 time” aliquot (SO uL) was collected before
the addition of SIF. Subsequent aliquots (50 uL) were removed at
different time points and mixed with 0.5 M Na,CO; (450 uL) to stop
amylolytic hydrolysis, and the sample wascentrifuged (2,000 g
10 min). Digested starch (%) was calculated from the released
reducing sugar, determined using a 4-hydroxybenzoic acid hydrazide
(PAHBAH) method and maltose as the standard (absorbance
measured at 405 nm).*** Rapidly digested starch (RDS) and slowly

digested starch (SDS) were defined as starch hydrolyzed within the
first 20 min, and during 20—120 min, respectively; RS was the
precipitate obtained after 120 min.*” The amounts of RDS, SDS, and
RS were calculated based on the total starch content and released
reducing sugars at specific time points. After 120 min of intestinal
phase digestion, the reaction was stopped by the addition of Na,CO;
(0.3 M final concentration). The resulting suspension was transferred
to SO mL Falcon tubes and centrifuged (2,000 g 10 min). The
sediment, corresponding to the RS fraction, was collected, washed
three times with Milli-Q water, freeze-dried, and used for simulated in
vitro colonic fermentation (see Section 2.4).

2.3. Crystallinity, Degree of Surface Order, and
Morphological Observation

The digestion-derived RS fractions obtained after 120 min of in vitro
digestion (see Section 2.2) were analyzed for crystallinity, degree of
surface order, and morphology.>* Crystal structures were analyzed
using a Nano-inXider instrument (Xenocs SAS, Grenoble, France)
after conditioning the RS samples with saturated KCI for 72 h in a
humidity chamber. The relative crystallinity was calculated using the
PeakFit software (version 4.12, Systat Software, Inc., San Jose, CA,
USA) following the estimation of the amorphous background
scattering as described.”® The crystalline polymorphs were identified
based on the characteristic diffraction peaks and corresponding 20
angles.®® The degree of surface order was estimated by Fourier
transform infrared (FTIR) spectroscopy using a Bomem MB100
FTIR spectrometer equipped with a Golden Gate attenuated total
reflectance (ATR) accessory.”” Spectra were collected at a resolution
of 4 cm™ and coadded for each sample. Background spectra were
obtained by cleaning the crystal with a mixture of ethanol and water
and recording 64 coadded scans. A Lorentzian line shape with a half-
width of 19 cm™ and a resolution enhancement factor of 1.9 was
assumed. Baseline correction and deconvolution analysis were
performed using the OMNIC software. IR absorbance values at
1022 cm™" and 1045 cm™" were extracted from the spectra, and the
1045 cm™!/1022 cm™' absorbance ratio was determined. The
morphology of the starch granules was monitored by field emission
scanning electron microscopy (FE-SEM, FEI Quanta 200) after fixing
and sputter-coating the granules with gold.>*

2.4. In Vitro Simulated Colonic Fermentation

The effects of the five RSs prepared as described (see Section 2.2) and
inulin (positive control) on gut microbiota composition were
investigated using an in vitro simulated colonic passage model (the
CoMiniGut), which allowed for temperature control and dynamic
control of pH over a 24-h fermentation period.*" Inulin was selected
as a positive control because it is a well-established, highly
fermentable prebiotic fiber commonly used in gut microbiota
fermentation studies.” Fecal samples were collected from three
healthy adult donors (1 female and 2 males; age range 25—3S years)
who had no known gastrointestinal disease and had not taken
antibiotics or probiotics within the last six months. The study was
approved by the Ethical Committee of the Capital Region of
Denmark (registration number H-20028549). Individual stool
samples were transferred to the anaerobic chamber within minutes
after collection and homogenized with sterilized PBS/20% glycerol
(v/v) at a ratio of 1:1 for 120 s using the Stomacher (Stomacher 400;
Seward, Worthing, UK). The glycerol stocks were aliquoted into cryo-
vials and stored at —60 °C before use as fecal inoculum for the
fermentations.

The basal medium used for simulated colonic fermentation
included 0.5 g/L bile salts, 1.5 g/L peptone water, 1.0 g/L yeast
extract (Oxoid), 1.0 g/L porcine mucin (Sigma-Aldrich, Steinheim,
Germany), 0.1 g/L NaCl, 0.04 g/L K,HPO,, 0.04 g/L KH,PO,
(Merck, Kenilworth, NJ), 0.01 g/L MgSO,-7H,0, 0.01 g/L CaCl,-
6H,0, 2 g/L NaHCOj3, 0.002 g/L hemin, 10 yL/L vitamin K;, 2 mL
Tween-80 (Sigma-Aldrich), and 0.5 g/L L-cysteine HCI (Calbiochem,
San Diego, CA). Prior to fermentation, S0 mg RS or inulin was
dispersed (RS) or dissolved (inulin) in 4.5 mL basal medium directly.
Each CoMiniGut reactor was filled with 0.5 mL fecal sample and 4.5
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Figure 1. Intestinal in vitro digestion profiles of five HASs (A) and their RDS, SDS, and RS contents (B). High-amylose maize starches: HAMS]I,
HAMSII; high-amylose wheat starch: HAWS; amylose-only barley starch: AOBS; AOBS-enhanced resistant starch: AOBSeRS. Amylose contents

are given in the Materials and methods Section 2.1.

Table 1. Crystalline Structure and Short-Range Order of Different RSs

Crystallinity (%)

B-type crystallinity (%)

Surface order degree
(1045 cm™'/1022 cm™)

Sample Before’ After” Before After Before After
HAMSI 22,0 £ 0.7 ¢ 23.5 + 0.7 18.0 + 0.4 194 + 0.7 0.54 + 0.01° 0.72 + 0.05°
HAMSII 21.8 + 2.8° 168 + 0.1° 18.8 + 2.7% 119 + 0.1 0.50 + 0.05¢ 0.55 + 0.05°
HAWS 102 + 1.2° 124 + 1.1° 8.4 + 0.6° 92 +0.3° 0.38 + 0.01° 0.59 + 0.01°
AOBS 13.8 + 0.3 154 + 02° 48 +03° 6.6 + 0.1° 0.10 + 0.05° 0.45 + 0.04°
AOBSeRS 20.5 + 3.6 215 + 1.5* 18.5 + 2.4° 19.6 + 1.5 140 + 023 1.28 + 0.10°

"Before: native HAS. “After: RS derived from HAS after 120 min of intestinal in vitro digestion. ““The values of mean =+ SD for all parameters were
calculated from duplicate measurements. Values with different letters in the same column are significantly different at p < 0.05. Abbreviations are as

in Figure 1.

199 mL basal medium containing either the specific RS or inulin, resulting
200 in a final concentration of 10 mg/mL. Anaerobic fermentation was
201 conducted with stirring at 37 °C for 24 h. The pH was continuously
202 monitored and adjusted to simulate different sections of the colon:
203 pH 5.7—6.0 for the proximal colon (first 8 h), pH 6.0—6.5 for the
204 transverse colon (8 h), and pH 6.5—6.9 for the distal colon (final 8 h).
205 The pH profiles of the inulin and HAS-RS fermentations with pH
206 control are displayed in Figure S1. Substrate (RSs or inulin) was
207 fermented in duplicate for each of the three donors, resulting in six
208 fermentations per substrate. After the 24 h fermentation period, the
209 slurry was collected and stored at —80 °C for further analysis. Inulin
210 served as the positive control, and blank controls consisted of the fecal
211 inoculum from each donor in 4.5 mL of basal medium without any
212 added carbohydrate substrate. The variation in responses among the
213 donors was maximized by not pooling the three fecal samples. The
214 use of individual donor slurries aimed to increase the reliability of
215 detecting changes induced by the starch samples during fermenta-
216 tion. "’

2.5. DNA Extraction, 16S rRNA Gene Amplicon
217 Sequencing, Bioinformatics, and Phylogenetics

_

—_

wn

218 The microbiota composition of each fermented sample was
219 determined using near-full-length 16S rRNA gene amplicon
220 sequencing on the Oxford Nanopore GridlONXS platform (Oxford
221 Nanopore Technologies, Oxford, United Kingdom), as previously
222 described.*' DNA was extracted from each sample using the Bead-
223 Beat Micro AX Gravity Kit (A&A Biotechnology, Gdynia, Poland).
224 The purity and concentration of DNA were verified using a
225 NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific) and
226 quantified with a Qubit 1X dsDNA high-sensitivity kit on a Varioskan
227 Flash (Thermo Fisher Scientific). The construction of the 16S rRNA
228 gene amplicon library and sequencing data collection followed
229 previously established protocols.”’

a-diversity, specifically the Shannon Richness Index, was calculated 230
based on Shannon—Wiener diversity. The microbial composition was 231
analyzed and visualized using stacked columns and heatmaps through 232
the R package ampvis2.* 233

To assess the effects of the different RS samples, duplicate 234
fermentations from each donor—substrate combination were first 235
averaged, and the resulting donor-specific means were used as 236
biological replicates (n = 3 donors). Results are presented as average 237
values across the three donors. The response data averages from the 238
five RS substrates, inulin, and blank controls were then compared. For 239
clarity, results were presented as relative abundances and analyzed at 240
the phylum, family, genus, and species levels. 241

2.6. Short-Chain Fatty Acids (SCFAs) Analysis

SCFA profiles were extracted from 1 mL of fermentation samples. 242
Two milliliters of 0.3 M oxalic acid was added to each sample, 243
vortexed for 1 min, and followed by centrifugation (3,000 g, 15 min). 244
The SCFAs in the supernatants were identified and quantified by gas 245
chromatography—mass spectrometry (GC-MS), as previously de- 246
scribed®’ using formic, acetic, propionic, and butyric acids (Sigma- 247
Aldrich) as standards. For SCFA analysis, duplicate fermentations 248
from each donor were first averaged, and the resulting donor-specific 249
means were used as biological replicates (n = 3 donors) for each 250
substrate. Spearman correlation between SCFA content and micro- 251
biota composition at the genus level was analyzed and visualized using 252
the R package Rhea.” 253

2.7. Statistical and Clustering Analyses

Structural and digestion data (Figure 1 and Table 1) are expressed as 254 fit1

mean =+ standard deviation. Statistical analyses were performed using 255
SPSS 26.0 (IBM Corp., Armonk, NY, USA). One-way analysis of 256
variance (ANOVA), followed by Duncan’s multiple range test, was 257
conducted to determine significant differences among samples, with a 258
significance level set at p < 0.0S. 259
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Figure 2. X-ray diffraction (XRD) patterns of different RSs (after 120 min of HASs in vitro digestion) (A), their relative crystallinity as deduced
from XRD (B), and surface order degree as determined by FTIR (C). Abbreviations are as in Figure 1.
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AOBSeRS

Figure 3. Scanning electron microscopy (SEM) images of native high-amylose starches (HAS; upper panel) and their corresponding resistant
starch (RS) residues (lower panel) obtained after 120 min in vitro intestinal digestion. Abbreviations are as in Figure 1.

260  All statistical analyses of microbiota and SCFAs (Figures 4—8)
261 were conducted using R software (version 4.4.1) via RStudio. To
262 compare the relative abundance of microbiota changes in two RS
263 groups (see Section 3.4.3 for group definitions), organisms with
264 differences in response to each RS group were identified using one-
265 tailed paired Wilcoxon tests on the average abundances in each
266 subject before and after supplementation. Spearman correlations were
267 calculated between B. adolescentis and other key taxa in each of the
268 two RS groups. All f—values were corrected with the Benjamini—
260 Hochberg method.””

3. RESULTS

3.1. Salivary, Gastric, and Intestinal In Vitro Digestibility
270 Analysis

271 Following the SSF and SGF treatments, the intestinal in vitro
272 digestion profiles and RDS, SDS, and RS contents of the five
273 HASs (Figure 1) demonstrated that all examined HASs
274 exhibited a high RS content (>25%), in agreement with a
275 previous study.”> However, distinct variation in the extent of
276 hydrolytic resistance was observed. HAMSI and AOBSeRS
277 were the least digestible and most resistant to hydrolysis (70—
278 80%), while HAMSII, AOBS, and HAWS showed higher
279 digestibility and lower resistance (25—50%) (Figure 1B).

3.2. Structural Characterization of the Different Resistant
280 Starches

281 The utilization of the RSs by human gut microbiota is closely
282 related to their structure.”* The five RSs obtained after 120
283 min in vitro digestion (see Section 2.2 and Figure 1A) and used
284 as substrates in the simulated colonic fermentation (see
285 Section 2.4) were structurally characterized. First, the
286 crystalline structures of the RSs exhibited a combination of
287 B-type (with 26 angle peaks at 5.6°, 15°, 17°, 22°, 24°, and

26°) and V-type (with peaks at the 26 angles 8°, 13°, 15°, and 2s8
20°) crystalline polymorphs (Figure 2).*> RSs of HAWS and 259 £
AOBS showed 1.1- and 1.2-fold higher crystallinity, respec- 290
tively, after in vitro intestinal digestion than their native HAS 201
counterparts, indicative of molecular reorganization, partic- 292
ularly leading to the B-type polymorph (Table 1). However, 203
HAWS and AOBS reorganized to a lower degree and showed 294
the lowest crystallinity (15.4% and 12.4%) among the five RS 295
samples. In contrast, HAMSI and AOBSeRS maintained 296
almost unchanged crystal structures after the digestion and 297
the highest portion (20%) of the B-type crystalline polymorph. 298
The degree of surface order among the five HASs, as 299
estimated by the 1045 cm™ /1022 cm™ ratio in FTIR spectra, 300
was highest for AOBSeRS (1.28), followed by HAMSI (0.72) 301
(Table 1; FTIR spectra are shown in Figure S2). Notably, 302
although HAWS and AOBS gained 1.6- and 4.5-fold increase 303
in the degree of surface order after 120 min in vitro digestion, it 304
was still lower than for HAMSI and AOBSeRS. Finally, 305
HAMSII exhibited a relatively stable surface structure, as 306
indicated by a similar degree of surface order (0.50 and 0.55) 307
before and after in vitro digestion (Table 1). 308
All five RSs maintained their granular structure and surface 309
morphology after 120 min in vitro digestion, as determined by 310
field emission scanning electron microscopy (FE-SEM) sui
(Figure 3). The appearance of small pores on the relatively 31213
smooth surface was observed in HAMSI granules. AOBSeRS 313
granules exhibited a highly reorganized structure of small 314
granules aggregated into “sheaths” which appeared to present 315
the most resistant structure (Figure 1).** HAMSII displayed 316
larger pores on the surface, while HAWS and AOBS granules 317
showed a mixture of broken and reorganized granules. 318
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Figure 4. Concentrations of produced short-chain fatty acids (SCFAs) in fecal slurries after simulated colon fermentation by human fecal inocula
(A); butyrate (B); formate (C); propionate (D); acetate (E) of each fermented sample; and the relative abundance of the SCFAs (F). Data are
presented as means of three donor-specific values (n = 3 biological replicates), with duplicate fermentations averaged within each donor.

Abbreviations are as in Figure 1.

319 Overall, after 120 min of in vitro digestion, HAMSI and
320 AOBSeRS, due to their inherently well-organized structures,
321 largely retained their crystallinity, degree of surface order, and
322 morphology, presenting a highly resistant material available for
323 passage to microbial fermentation in the colon.

3.3. Effects of RSs on Short-Chain Fatty Acid Production

324 The RS substrates resulted in distinctly different short-chain
325 fatty acid (SCFA) profiles during the 24 h simulated colonic
326 fermentation using the CoMiniGut (Figure 4). Notably, RSs
327 and inulin (positive control) both increased the production of
328 SCFAs by 2—3 times compared to blank controls (Figure 4A).
329 Among the substrates, RSs originating from HAMSI and
330 AOBSeRS led to relatively low concentrations of total SCFAs,
331 indicating less fermentability for these RSs.

332 The relative proportions of SCFAs generated by fecal
333 fermentation were nearly identical across the different RS
334 treatments. All samples exhibited 10—20 times higher
335 concentrations of acetate, butyrate, and propionate compared
336 to the blank control, with levels comparable to or exceeding
337 those observed for inulin (Figure 4B,D,F). However, compared
338 to the blank control and inulin, the relative levels of formic acid
339 were substantially lower in all fermented RS samples (Figure
340 4C). Formic acid is a common intermediate in colonic
341 fermentation, and its lower accumulation suggests rapid
342 utilization or diversion into alternative metabolic pathways
343 by the microbiota when complex starches are provided.’
344 Generally, HAMSI and AOBSeRS, having the highest RS
345 contents (Figure 1), led to the release of lower levels of acetate
346 and butyrate, but clearly higher levels of propionate compared
347 to the less resistant substrates (HAMSII, HAWS, and AOBS)
34s (Figure 4). The relative levels of butyrate were 20—23% for

HAMSI and AOBSeRS, compared to 30—40% in the other 349
three RS fermentations (Figure 4E). 350

Both butyrate and propionate are considered health- 351
beneficial, although they influence host physiology differ- 352
ently.'”?>*” Indeed, the present SCFA data clearly document 353
that RSs, which possess variations in structural order and 354
degradative resistance, have the capability to offer distinctly 3ss
different prebiotic benefits via modulation of the microbiotal 3s6
SCFA profiles. 357

3.4. Effects on the Bacterial Community

3.4.1. Shannon Richness Index. The a-diversity of the 3s8
microbiota, as measured by the Shannon richness index, 359
decreased after the fecal fermentation using CoMiniGut for all 360
RS samples and inulin compared to the blank control 361
(inoculum, no fermentation) (Figure S). This decrease was 362 fs
expected, given that the inocula represent fecal microbiota 363
previously exposed to a diverse human diet, while the 364
fermented fecal slurries were subjected to a single carbohydrate 365
source, either RS or inulin. Among the RSs, AOBS exhibited 366
the lowest Shannon richness index of 3.3 (Figure S). The 367
reduction in a-diversity does not imply that RSs or inulin 368
caused the death of specific microbial species but rather 369
demonstrates that only certain bacteria are able to metabolize 370
these carbon sources leading to their dominance.* 371

3.4.2. Changes at the Phylum Level. The predominant 372
bacterial phyla were Firmicutes (recently renamed as Bacillota), 373
Bacteroidetes (now Bacteroidia), and Actinobacteria (now 374
Actinomycetota) (Figure 6). All five RSs and inulin increased 37s f6
the relative abundance of Bacteroidetes while decreasing 376
Firmicutes compared with the blank control. Consequently, 377
the Bacteroidetes-to-Firmicutes ratio increased for HAS-derived 378
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Figure S. Shannon richness index of the microbial community of each
in vitro simulated colonic microbiota when exposed to the RS
substrates. Data are presented as means of three donor-specific values
(n = 3), with duplicate fermentations averaged within each donor.
Different lowercase letters indicate significant differences among
samples at p < 0.05, as determined by one-way ANOVA followed by
Duncan’s multiple range test. Abbreviations are as in Figure 1.

379 RS substrates generated by in vitro intestinal digestion.
380 Firmicutes and Bacteroidetes together constitute the majority
381 of the gut microbiota. Bacteroidetes increased after fermenta-
382 tion of all RSs and inulin*’ and most so as being observed for
383 AOBSeRS. On the basis of previous reports, Bacteroides
384 members are known to possess diverse carbohydrate-active
385 enzymes (CAZymes), which may contribute to their ability to
386 utilize complex starch-derived substrates.”® The Actinobacteria
387 phylum includes the family Bifidobacteriaceae, encompassing a
388 diverse array of specialized enzymes for carbohydrate
389 utilization.'* Notably, RSs derived from the most resistant
390 HAMSI and AOBSeRS gave relatively lower increases in
391 Actinobacteria.

392 3.4.3. Changes at the Species Level. A detailed
393 investigation at the species level showed that, for all RS
394 substrates, the relative abundance of Bacteroides spp.,
395 Bifidobacterium adolescentis, Coprococcus comes, Prevotella
396 copri, and Veillonella spp. increased, and for Dorea longicatena,

Parabacteroides merdae, and Faecalibacterium spp., the relative 397
abundance decreased compared to the blank (Figure 7A,B). 395 &7
These data are in line with previous human dietary 399
intervention studies, showing that the species mentioned 400
above are also found to increase in the gut following the 401
consumption of RS-containing diets.””"** 402

Considering the structural features of RSs (Figure 2), 403
microbial abundance shifts, and impacts on SCFA production 404
(Figure 4), we categorized the RSs into two groups (Figure 4os
7C): Group 1, HAMSI and AOBSeRS, induced the formation 406
of propionate; and Group 2, HAMSII, HAWS, and AOBS, led 407
to higher butyrate production (Figure 4D,E). The major 408
bacterial species that showed significantly different changes in 409
abundance between the two groups are indicated in Figure 7C 410
with a star. Bacteroides spp., Parabacteroides spp., and Prevotella 411
copri increased on RSs of Group 1, whereas Bifidobacterium 412
spp., Clostridium spp., Coprococcus comes, and Megasphaera 413
elsdenii exhibited higher increase levels on Group 2 RSs. 414

Ruminococcus bromii and Bifidobacterium adolescentis are 415
widely regarded as primary RS degraders in the human gut.” 416
Among the HAS-derived RSs of group 2, HAMSII, HAWS, 417
and AOBS showed a relatively higher increase in Bifidobacte- 418
rium spp., while RSs derived from HASs in group 1, HAMSI 419
and AOBSeRS, led to a lower increase in Bifidobacterium spp. 420
compared to the blank control (Figure 7C). 421

The initial degradation of RS by primary degraders produces 422
malto-oligosaccharides and simultaneously modifies the 423
granule surface to allow degradation by nonprimary 424
degraders.'">> By increasing the susceptibility of granular 425
starch substrates, primary degraders enable secondary species 426
to bind to and utilize a nutrient niche that was previously 427
inaccessible in its native state.” Secondary degraders typically 428
produce butyrate;” Clostridium spp. accordingly showed 420
increased abundance when RSs from HAMSII and AOBS 430
were used as the substrate, but the relative abundance of these 431
species decreased in the AOBSeRS RS fermentations (Figure 432
7B), indicating different substrate preferences for Clostridium 433
spp.” Besides, the positive relationship between Clostridium 434
spp. and Bifidobacteria indicates a potential reliance on primary 435
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Figure 6. Relative abundance of the main phyla (>2.5%) in the in vitro simulated colonic microbiota when exposed to the RS substrates. Data are
presented as means of three donor-specific values (n = 3 biological replicates), with duplicate fermentations averaged within each donor.

Abbreviations are as in Figure 1.
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Figure 7. Relative abundance of the main species (>0.5%) of the microbiota in simulated colonic fermentation of the RS substrates. Data are
presented as means of three donor-specific values (n = 3 biological replicates), with duplicate fermentations averaged within each donor (A);
average fold change in the relative abundance of each species compared to the blank. The heatmap is colored by the standardized change in the
relative abundance of the species between the treatment and the control. Red indicates a relative increase; blue indicates a relative decrease (B).

The comparison panels are divided into two groups: group 1, including RS

substrates leading to higher levels of propionate (HAMSI, AOBSeRS),

and group 2, including RS substrates associated with higher levels of butyrate (HAMSII, HAWS, AOBS) (C). Significant differences between

groups 1 and 2 were calculated using the paired Wilcoxon test; * indicates
between the two groups.

a significantly different change (p < 0.05) in the abundance of species

436 degraders for efficient RS erosion.'* Fermentation of RS from
437 HAWS showed the highest increase in Coprococcus comes,
438 which has been demonstrated as a butyrate-producing
439 bacterium through the phosphotransbutyrylase/butyrate kinase
40 route.”* Megasphaera elsdenii is also known to form butyrate in
441 carbohydrate fermentation, but by utilizing acetate and lactate
442 as key metabolic substrates.”” This species was increased by
443 RSs of group 2, especially AOBS.

444 Group 1 RSs gave a relatively higher increase in Bacteroides
445 spp. compared with the other group. Besides, among the
446 different RSs tested, AOBSeRS led to the highest increase in
447 Prevotella copri. Prevotella belongs to the Bacteroidetes phylum
448 and produces propionate through a succinate pathway. It
449 includes major contributors to human gut enterotypes and is a
450 critical functional phylotype correlated with high fiber
451 intake.>>™% Also, the genus Parabacteroides spp. increased in
452 Group 1 RS fermentations and is considered a potential starch
453 degrader with acetate and propionate as end products.”
454 Veillonella spp., which increased for all RSs, especially HAMSI
4ss and AOBSeRS, can also produce propionate via the succinate
456 pathway.””

3.5. Distinct Correlations of Different SCFAs and Bacterial
457 Species

=

—

458 Correlation analysis between SCFA production and changes in
459 bacterial relative abundance at the species level identified taxa

associated with butyrate- or propionate-enriched fermentation
profiles (Figure 8A). This aligned with previous data showing
clear separation between butyrate- and propionate-producing
bacteria, with only a few taxa exhibiting pathways for the
production of both SCFAs.>”

Propionate concentrations were positively correlated with
increased abundances of Blautia spp., Coprococcus comes,
Collinsella aerofaciens, Parabacteroides spp., and Veillonella
spp. (Figure 8A). Some of these taxa have previously been
linked to propionate formation, including succinate-associated
pathways,”® but the pathway activity was not directly assessed
in this study. In contrast, the formation of butyrate correlated
positively with Bifidobacterium spp., Clostridium spp., Cop-
rococcus comes, Megasphaera elsdenii, and Prevotella copri.
Furthermore, the fermentation of RS by Bifidobacteria yielded
large quantities of acetate, as indicated by positive relationships
(Figure 8A). Acetate can be metabolized into butyrate by other
species.

Bifidobacteria do not produce butyrate or propionate, as no
such metabolic pathways are present in their genomes, despite
a strong positive correlation with changes in butyrate
concentration and Bifidobacteria (Figure 8A) due to a
syntrophic cross-feeding mechanism, in which Bifidobacteria
ferment RS into acetate and lactate; these metabolites then
serve as essential substrates for secondary degraders (such as
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Figure 8. Spearman correlation between gut microbiota changes at the species level of the in vitro simulated colonic fermentation of RS substrates
and changes in the major short-chain fatty acids—acetic acid, formic acid, propionic acid, and butyric acid (A). Spearman correlations were
calculated using donor-specific values after averaging duplicate fermentations within each donor. The size of the circles represents the absolute
value of the correlation coeflicient, with larger circles indicating stronger correlations. Spearman correlations between changes in the abundance of
the primary degrader (B. adolescentis) and other organisms (*p < 0.0S, ** p < 0.01) (B).

a8s Clostridium spp.) to produce butyrate.”’ Positive correlations
486 were observed between the primary RS degrader, Bifidobacte-
487 rium adolescentis and butyrate-producing bacteria like Clostri-
488 dium spp., as well as propionate-producing bacteria such as
489 Veillonella spp. (Figure 8B).

[

O

4. DISCUSSION

4.1. Structure of HAS-RS Impacts In Vitro Fermentation
490 Efficiency

491 HASs are widely recognized as a prominent source of RS2. As
492 shown in our structural analysis, dynamic reorganization
493 during in vitro intestinal digestion results in residual RSs
494 with distinct physical and structural properties that are
495 presumed to reach the colon. The inherently well-organized
496 HAS granules of group 1 (HAMSI and AOBSeRS),
497 characterized by higher B-type crystallinity and surface order
498 (Table 1), present a more compact substrate for colonic
499 fermentation compared to the more amorphous structures
s00 found in Group 2.

so1  While all examined RS types were fermentable, the higher
s02 total SCFA concentrations from Group 2 indicate a superior
s03 fermentation efficiency for these less organized substrates. This
s04 observation aligns with previous findings that amorphous
s0s starch fractions allow broader enzymatic access, facilitating a
506 more rapid conversion into metabolites.”' However, this rapid
507 fermentation does not necessarily equate to improved colonic
s08 health; the lower fermentation efficiency observed for Group 1
509 (AOBSeRS and HAMSI) suggests these starches may act as
s10 “slow-release” substrates. Such resistance can ensure that
s11 fermentable carbohydrates remain available for the microbiota
si2 in the distal colon, potentially preventing proteolytic
s13 fermentation (the degradation of proteins into potentially

®

—

harmful metabolites) and supporting healthy metabolic activity s+
across the entire colonic passage. 518

Primary degraders are essential for initiating the breakdown s16
of granular RS, releasing intermediates utilized by a wider 517
microbial community.” Our results confirm that the widely sis
recognized primary degrader of RS, B. adolescentis significantly s19
increased across all treatments. It has previously been found s20
that B. adolescentis was able to utilize up to 64% of granular s21
high-amylose maize starches.” Interestingly, its lower s2
utilization efficiency toward Group 1 RSs (Figure 7C) suggests 523
that their high structural order limits the initial enzymatic 524
“erosion” of the granules. Previous research has also shown s2s
that B. adolescentis exhibits substrate-specific preferences, s26
displaying lower utilization efliciency of starches with higher s27
RS content.®® 528

Remarkably, none of the present three donors harbored s29
Ruminococcus bromii, a keystone species for RS degradation.” s30
Previous studies have demonstrated that ~60% of RS cannot s31
be fermented by fecal samples lacking R. bromii, and that s32
fermentation capability is restored with the supplementation of 333
R. bromii.* The present results show that, in the absence of s34
Ruminococcus bromii, B. adolescentis (and probably other gut s3s
microbiota members, such as Parabacteroides spp.) are able to s36
degrade RS having varying degrees of structural order, acting as 537
primary degraders and cross-feeding other microbial species. 538
Further research into the potential benefits of R. bromii s39
supplementation, as well as its synergistic effects with B. s40
adolescentis, would be valuable in understanding the s41

fermentation of these different HAS RS types. 542
4.2, Different Granular RSs Influence the Composition of
Colon Microbiota and Metabolite Levels 543

The formation of SCFAs by gut bacteria is shaped by a s44
complex interplay between substrate accessibility and the s4s
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s46 metabolic specializations of the resident microbiota.”” The
s47 selective enrichment of a few bacterial taxa in this study
s48 suggests that only a limited number of bacteria possess the
s49 traits required to access and utilize the granular starch
ss0 structures (Figure 7).”** Moreover, the different RS fractions
ss1 were associated with distinct SCFA profiles, reflected in a shift
ss2 in the relative balance between propionate and butyrate
ss3 production. Specifically, the highly resistant and structurally
ss4 ordered RS fractions (HAMSI and AOBSeRS) were associated
sss with proportionally greater propionate formation, whereas the
ss6 less resistant RS fractions (HAMSII, HAWS, and AOBS)
ss7 favored butyrate production (Figure 4D—F).

ss8  The ordered crystalline structure of group 1 RSs appears to
ss9 select for a niche of bacteria equipped with dedicated systems
s60 for granular attachment and degradation. After B. adolescentis
sé1 initiates the breakdown of these RSs, the resulting degradation
se2 products likely confer a competitive advantage to propionate
s63 producers, such as Bacteroides spp. and Veillonella spp. (Figure
s64 7). Bacteroides members, in fact, possess an extensive repertoire
s6s of CAZymes® and have been shown to thrive in syntrophic
566 association with primary degraders when they utilize complex
567 starches.”® We speculate that specific oligosaccharides released
ses from highly ordered granules favor the succinate pathway,
s69 which is the dominant route for propionate formation in these
570 taxa, thereby contributing to the regulation of host glucose
571 homeostasis. Because starch-derived oligosaccharides and
572 pathway activity were not directly analyzed, this explanation
573 remains hypothetical and should be tested in future studies
574 using functional microbiome or metabolite flux analyses.

575 Conversely, the less-ordered, more amorphous Group 2 RSs
576 facilitated the enrichment of butyrate-producing taxa, including
577 Clostridium spp. and Megasphaera elsdenii. This metabolic shift
s78 was accompanied by a substantial increase in the relative
579 abundance of Bifidobacterium species. Although Bifidobacteria
580 lack the metabolic pathways required for butyrate production,
s81 they act as key primary degraders of RS, generating
s82 intermediate metabolites, such as acetate and lactate, during
583 fermentation.””” These metabolites can subsequently be
s84 utilized by secondary degraders, including butyrate-producing
s8s bacteria, for the synthesis of butyrate. Such cross-feeding
sg6 interactions between primary degraders and secondary
s87 degraders are considered important for host health because
sgs butyrate serves as the primary energy source for colonocytes
ss9 and plays a key role in maintaining mucosal integrity.*®

s90  Our results suggest that the same type of RS (RS2,
so1 represented by HAMSI, HAMSII, HAWS, and AOBS) can
s92 be developed to modulate the microbiota and SCFA
593 production in distinct ways, which has also been found for
594 RS4 (chemically modified starch) from different sources.'’
595 AOBSeRS, which we classify as RS3 due to its preparation via
596 reorganization (without gelatinization), exhibited functional
s97 similarity to HAMSL Both of these RSs clustered together
598 based on the high B-type crystallinity and surface order degree,
599 and the significant increase of propionate production during
600 simulated colon fermentation. These findings suggest that
601 specific structural characteristics of RS, including crystalline
602 organization and short-range molecular order, are associated
603 with differences in microbial responses and SCFA production
604 during fermentation. Within the RS2 and RS3 materials
605 investigated in this study, these structural features appeared to
606 exert a greater influence on fermentation outcomes than the
607 conventional RS classification.”> A limitation of this study is
608 the relatively small number of fecal donors included in the in

—_

—_

=

vitro fermentation experiments. Although individual donor 609
inocula were fermented separately to preserve interindividual 610
variability, future studies including larger donor cohorts and 611
more extensive donor metadata can validate the observed 612
microbiota and SCFA responses. 613

In conclusion, this study provides data on the impact of RS 614
with varying degrees of structural order, resulting in different 615
hydrolytic resistances, on in vitro fermentation. All RS types 616
induced changes in the gut microbiota, particularly with a 617
significant increase in the relative abundance of Bifidobacteria, 618
leading to alterations in SCFA profiles, with both butyrate and 619
propionate concentrations being increased. Among the five 620
samples, more amorphous RSs can drive fermentation and lead 621
to a higher production of SCFAs, especially butyrate. In 622
contrast, RSs with more ordered structures fermented more 623
slowly and may remain available until later stages of colonic 624
passage, which may be beneficial to the distal colon. 625
Furthermore, our findings demonstrate that RSs exert 626
functional differences in shaping the human fecal microbiota 627
composition. Thus, degradation products generated from RS 628
by primary degraders may influence their subsequent 629
utilization by different groups of colonic bacteria and, thereby, 630
contribute to distinct SCFA profiles. It should be noted that R. 631
bromii, a key primary degrader of RS, was not detected in the 632
three donors, which may have influenced the observed 633
fermentation patterns. This knowledge can motivate and 634
guide the selection of specific bacterial populations for their 635
health-relevant metabolic functions, to be targeted by the 636

development of well-designed functional carbohydrates. 637
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