Open Access Article. Published on 05 March 2024. Downloaded on 8/6/2025 2:36:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Food &
Function

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Food Funct.,, 2024, 15, 3141

Received 18th October 2023,
Accepted 26th February 2024

DOI: 10.1039/d3fo04512a

rsc.li/food-function

Introduction

A type 4 resistant potato starch alters the cecal
microbiome and gene expression in mice fed a
western diet based on NHANES dataf

Allen D. Smith, 2 *@ Celine Chen,® Lumei Cheung,? Robert E. Ward,? B. Sky Jones,?
Elizabeth A. Pletsch® and Harry D. Dawson?

Four major types of resistant starch (RS1-4) are present in foods, all of which can alter the microbiome
and are fermented in the cecum and colon to produce short-chain fatty acids (SCFAs). Type 4 RSs are
chemically modified starches, not normally found in foods, but have become a popular food additive as
their addition increases fiber content. Multiple studies, in humans and rodents, have explored how
different RS4 affect post-prandial glucose metabolism, but fewer studies have examined the effects of
RS4 consumption on the microbiome. In addition, many RS studies conducted in rodents use high-fat
diets that do not approximate what is typically consumed by humans. To address this, mice were fed a
Total Western Diet (TWD), based on National Health and Nutrition Examination Survey (NHANES) data that
mimics the macro and micronutrient composition of a typical American diet, for six weeks, and then sup-
plemented with O, 2, 5, or 10% of the RS4, Versafibe 1490™ (VF), a phosphorylated and cross-linked
potato starch, for an additional three weeks. The cecal contents were analyzed for SCFA content and
microbiota composition. Butyrate production was increased while branched chain SCFA production
decreased. The alpha-diversity of the microbiome decreased in mice fed the TWD with 10% VF 1490
added while the beta-diversity plot showed that the 5% and 10% VF groups were distinct from mice fed
the TWD. Similarly, the largest changes in relative abundance of various genera were greatest in mice fed
the 10% VF diet. To examine the effect of VF consumption on tissue gene expression, cecal and distal
colon tissue MRNA abundance were analyzed by RNASeq. Gene expression changes were more prevalent
in the cecum than the colon and in mice fed the 10% VF diet, but the number of changes was substan-
tially lower than we previously observed in mice fed the TWD supplemented with native potato starch
(RPS). These results provide additional evidence that the structure of the RS is a major factor determining
its effects on the microbiome and gene expression in the cecum and colon.

based upon their physical and chemical properties.” Daily con-
sumption of 15-20 g d™' of RS is recommended but most

Dietary fiber (DF) is found in plant- and fruit-based foods and
includes a wide variety of compounds including polysacchar-
ides, oligosaccharides, lignin, f-glucan, pectin, cellulose,
resistant starches (RS) and other associated plant-derived sub-
stances. Four major types of RS (RS1-4) have been defined
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people eating a western diet consume on average 4.9 ¢
day . Consumption of RS alters the microbiome and SCFA
levels by microbial fermentation in the cecum and colon in
rodents,®™® pigs’® and humans'®'" that has been linked to
health benefits.'* Different fibers and RS differentially alter
microbial composition and bacterial metabolites’® and even
members of the same RS type can have differential effects on
the microbiome and bacterial metabolites due to differences
in their fine structure that may favor certain bacteria strains
over others."""®

Multiple rodent studies have looked at the effect of RS con-
sumption in mice fed a “Western” high fat diet (WD)."*™° In
general, these studies used modified AIN-93 diets with
45-60% of the calories coming from lard or milkfat and
8-19% from sucrose, however, the diets used in these studies
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do not reflect a typical American diet. We and others®>*~** have
used the TWD developed using the 50th percentile daily intake
levels for macro and micronutrients from NHANES including
fewer calories from protein and carbohydrates, double the fat
with more saturated and monounsaturated fats, less polyun-
saturated fat, fewer complex carbohydrates, and twice the level
of simple sugars compared to the AIN-93 diet.”® In previous
studies, we demonstrated that the addition of RPS to the TWD
induced significant changes to the intestinal microbiome and
transcriptome®* and unexpectantly found that higher levels of
RPS (10%) increased the efficiency of infection and colon path-
ology induced by Citrobacter rodentium,” a bacterium that
naturally infects mice and shares 67% of its genes with entero-
pathogenic Escherichia coli strains.?®™>8

Type 4 RSs (RS4) are chemically modified starches not nor-
mally found in nature but have become a popular food addi-
tive as their addition increases fiber content, as defined by the
FDA. There have been multiple studies in both humans and
rodents exploring how different RS4 affect postprandial
glucose metabolism.**** Studies with VF, a type 4 phosphory-
lated and crosslinked potato starch, have provided conflicting
results with some studies showing a positive effect and others
no effect on postprandial glucose metabolism.>*3® Fewer
studies exploring the effects of RS4 consumption on the micro-
biome have been undertaken. Deehan et al. (2020) demon-
strated that RS4 derived from maize and tapioca altered the
microbiome and SCFA production in human subjects while VF
did not.*” Similarly, a study comparing feeding different types
of RS4 to rats found that VF did not alter SCFA production or
cecal content pH as compared to other RS4s suggesting that
VF was not being fermented.*® These results contrast with an
in vitro culture study which found that VF was fermented by
the microbiomes of human donors.*® To follow up on our pre-
vious investigation of a RS2 potato starch (RPS, PenPure 10,
Ingredion),>* and further explore the effects of feeding VF on
the microbiome and gene expression, we fed different levels of
VF to mice and looked for changes in the cecal microbiota and
SCFA production, and gene expression in the cecum and
colon.

Materials and methods
Animals and diet

C57BL/6 mice originally purchased from Charles River
(Frederick, MD) were bred in-house. Breeding pairs were fed
rodent chow (Teklad 2020X, Frederick, MD). Ventilated filter-
top cages were used for housing the mice at the USDA BHNRC
animal facility under 12 h light/dark cycle. Timed breedings
were set up and offspring were weaned at 3-4 weeks of age.
After weaning, male mice were group housed (4-5 per cage)
and placed on the TWD [ESI Table 11].>® After feeding mice
the TWD for 6-7 weeks, mice were divided into 4 dietary treat-
ment groups and fed for an additional 3 weeks with TWD or
TWD with 2%, 5%, or 10% w/w VF (Ingredion, Westchester, IL)
substituted for an equivalent amount of corn starch. VF is a
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phosphorylated and crosslinked potato starch that contains
85% fiber as measured by the AOAC 991.43 method (Ingredion
Technical Specification sheet). Body weights and food con-
sumption were recorded weekly. All experiments were approved
by the USDA-ARS Beltsville Institutional Animal Care and Use
Committee.

Sample collection and processing

Samples for various analyses were obtained from three repli-
cate experiments due to limitations on the amount of material,
especially cecal contents, available for analysis. Cecal samples
for 16S sequencing (n = 9-10), cecum and distal colon RNASeq
(n = 5) were obtained from experiment 1, while body weights (n
= 20) and samples for SCFA analysis were obtained from
experiment 3 (10 of 20 samples). For other analyses, samples
from all three experiments were used (n = 37-38). Fecal
samples collected during the last 5 d of feeding were flash
frozen and stored at —80° C. After approximately three weeks
on the four dietary treatments mice were then euthanized and
tissues collected. The colon was excised, fecal pellets removed,
and the terminal six cm weighed and one cm segments from
the distal and proximal colon (PC) were collected and snap
frozen for RNA isolation. The cecum was excised, weighed and
the cecal contents collected, the empty cecum reweighed, a
section collected for RNA isolation. Fecal pellets were weighed
and homogenized in 10 volumes of water, centrifuged to
remove debris and the pH of the supernatant measured.

Short-chain fatty acid analysis

SCFA analysis was performed according to the method of
Ward et al., with slight modifications.>® Cecal contents were
weighed. Distilled water and a metaphosphoric acid solution
(250 g L) containing 1 g L™ of ethyl butyric acid as an
internal standard were added according to the ratio of 1:9:2
(sample : water : acid/internal standard). After vortexing for
5 m, tubes were centrifuged at 14 000g for 20 m. Approximately
200 pl of the supernatant was transferred to an insert in a gas
chromatography vial. An eight-point calibration standard was
prepared using a mix of six acids. Acetic, propionic, and
butyric acids were present from 10 to 0.08 mM, and isobutyric,
isovaleric and valeric acids were present from 5 to 0.04 mM. To
prepare calibrations, 1 ml of standard was mixed with 0.2 ml
of the metaphosphoric/ethyl butyric acid solution. Samples
were analyzed by gas chromatography on an Agilent 6890
equipped with a ZB-FFAP column (30 mm x 0.52 mm ID x
1.0 pm film thickness; Phenomenex, Torrance, CA) and a
flame ionization detector. The injector was maintained at
200 °C, and 1 pl was injected in splitless mode. The initial
column temperature was 60 °C which was held for 1 m. The
column was heated at 17 °C m™" to 260 °C and held for 8 m.
Peaks were identified according to retention time of individu-
ally run acids. For both external standards and the samples,
raw peak areas were normalized to the ethyl butyric acid area.
Peak area ratios were converted to concentration using
regression equations for each acid. The overall concentration
of acid in the sample was determined by multiplying the
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volume of water added by the concentration derived from the
regression equation and dividing by the sample mass.

16S sequencing of cecal contents

DNA was isolated from cecal contents using a Quick-DNA
Fecal/Soil Microbe Microprep Kit (Zymo, Irvine, CA) following
the manufacturer’s instructions and were further purified
using the DNA Clean and Concentration kit (Zymo, Irvine, CA).
The Quant-it PicoGreen dsDNA kit (Invitrogen, Waltham, MA)
was used to determine the DNA concentration of the samples.
DNA was submitted to the Michigan State University RTSF
Genomics Core for targeted amplicon library preparation and
sequencing. The V3-V4 hypervariable regions of the 16S rRNA
gene was amplified using indexed, Illumina compatible
primers 341f/806r essentially as described® except that the V3
flanking primer 341f was substituted for the V4 primer 515f as
described in the paper. The pooled libraries were loaded into
an Illumina MiSeq v2 500 cycle reagent cartridge. Custom
sequencing and index primers complementary to the 341f/
806r target specific sequences were added to appropriate wells
as described in ref. 40. The FASTQ files with raw data were sub-
mitted to the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA) under Bioproject number
PRJNA1019368.

The 16S rRNA tag data curation and processing were per-
formed using the CLC Microbial Genomics Module (QIAGEN
Bioinformatics, Redwood City CA) following its standard OTU
clustering workflow. Paired reads were first merged into
contigs, followed by removal of the adapters, nucleotides
below Q30, reads containing more than two ambiguous
nucleotides or shorter than five. Samples were then filtered by
minimum reads of 100 or the minimum 50% from the median
times the median number of reads across all samples and the
aligned contigs were mapped to the SILVA SSU database from
release v138.1.*" Chimeras were detected with k-mer search
and removed from further processing and analysis. Sequences
were then clustered into Operational Taxonomic Units (OTUs)
at 97% similarity. Alpha and beta diversity were estimated
using OTUs aligned with the MUSCLE tool** to reconstruct the
phylogenetic tree by a Maximum Likelihood approach.
PERMANOVA™® was used to measure the effect size and signifi-
cance of beta diversity. OTU count abundance was further col-
lapsed into different taxon levels for downstream analysis.
Successively, principal component analysis (PCA) and hierarch-
ical clustering were performed with the OTU or taxon-specific
abundance profiles to examine changes induced by the VF
treatments. Changes in data distribution induced by the VF
treatments were visualized by PCA analysis in J]MP Genomics
10 (JMP Statistical Discovery LLC, Cary, NC) using default set-
tings. To identify RPS-specific biomarkers at multiple taxono-
mical levels, the abundance profiles were subjected to linear
discriminant analysis effect size (LEfSe) analysis.** The differ-
ential expression analysis for all taxa and OTUs were per-
formed with the Bioconductor package Deseq2 (version 3.14;
run on Rstudio, version 4.0.3, Boston, MA).*> Relative abun-
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Fig. 1 Feeding VF affects colon and cecum tissue/body weight ratios
but not body weight. Mice were fed the basal TWD for 6—7 weeks and
then subsets of mice continued to receive the TWD or were fed diets
containing 2%, 5%, or 10% VF for an additional three weeks. (A) Body
weight gain was not affected by feeding different levels of VF, n = 20 per
group; (B) % BW/colon weight and (C) % cecum/body weight, n = 37-38
per group pooled from three experiments. Data is expressed as the
mean + SEM. Groups with different letters are significantly different, p <
0.05.
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dance heatmaps were generated using log2 (composition x 100
+ 1) transformed data in JMP Genomics 10.

RNASeq analysis of cecum and distal colon tissue

RNA from the cecum and distal colon (DC) was isolated using
Tri-Reagent (Zymo, Irvine, CA) and Purelink RNA Kkits
(Invitrogen, Carlsbad, CA). RNA was further purified using
RNA Clean and Concentrate columns (Zymo, Irvine, CA). Five
cecum samples from each group with a RIN scores of 7.9 or
higher (Agilent Bioanalyzer) and their matching distal colon
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Food & Function

samples were chosen for further analysis. RNA was submitted
to the Michigan State University RTSF Genomics Core facility
for sequencing. Libraries were prepared using Illumina
Stranded mRNA Prep, Ligation kit with IDT for Illumina
Unique Dual Indexes following manufacturer’s recommen-
dations by the Michigan State University RTSF Genomics Core
facility. Completed libraries were QC’d and quantified using a
combination of Qubit dsDNA HS and Agilent 4200 TapeStation
HS DNA1000 assays. The libraries were pooled in equimolar
amounts for multiplexed sequencing, and the pool quantified
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Fig. 2 Feeding mice VF alters cecal SCFA production. Mice were fed the basal TWD for 6—7 weeks. Subsets of mice continued to receive the TWD
or were fed the TWD plus 2, 5, or 10% VF for an additional 3 weeks and then the cecal contents were collected for SCFA analysis as described in the
Material and methods section. Data are expressed as mean + SEM, n = 10 mice per group. (A) Total SCFA, (B) acetic acid, (C) butyric acid, (D) isobuty-
ric acid, (E) isovaleric acid, (F) propionic acid and (G) valeric acid. Groups with different letters are significantly different, p < 0.05, by ANOVA (Holm-

Sidak).
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using the Invitrogen Collibri Quantification qPCR kit. This
pool was loaded onto one (1) lane of an Illumina NovaSeq S4
flow cell and sequencing was performed in 2 x 150 bp single
read format using a NovaSeq 6000 v1.5 300 cycle reagent Kkit.
Base calling was done by Illumina Real Time Analysis (RTA)
v3.4.4 and output of RTA was demultiplexed and converted to
FastQ format with Illumina Bcl2fastq v2.20.0. The FASTQ files
with raw data and the gene expression profiles were submitted
to the National Center for Biotechnology Information (NCBI)
Gene Expression Omnibus (GEO) under Bioproject number
PRJNA1019368.

The resulting sequences were processed to determine gene
expression levels as follows.

Nucleotides below Q30 or reads containing more than two
ambiguous nucleotides were removed before sequence align-
ments performed by the CLC Genomics Workbench version
20.01 (QIAGEN Bioinformatics, Redwood City CA). To calculate
gene expression in count, reads were mapped to the Mus mus-
culus genome assembly GRCm39. Transcriptomes built from
the alignment results were subjected to differential expression
analysis. The statistical analyses were carried out with Deseq2.
Genes were considered differentially expressed with the
thresholds of a false discovery rate (FDR) <0.05 and an absol-
ute fold change >1.5. We functionally annotated differentially
expressed genes using our Porcine Translational Research
Database”® as previously described.”” The database serves to
translate data found in rodents or pigs to human. Gene
expression heatmaps were generated using log2 transformed
data in J]MP Genomics 10.

Statistical analyses

Data was analyzed using a Student’s ¢-test or one-way ANOVA.
Data was transformed as necessary to achieve equal variance
and normality. For graphical purposes, the mean and SEM of
untransformed data are shown.

Results

Effect of VF on short-chain fatty acid production, tissue
weights and fecal pH

Mice were euthanized and tissues collected for analysis after
feeding the TWD for six weeks followed by subsets being fed
the TWD/VF containing diets for three weeks. Body weights
were not affected by feeding the different levels of VF contain-
ing diets compared to mice fed only the TWD (Fig. 1A).
Feeding mice, the 10% VF diet, but not the 2% or 5% VF diets
led to a significant increase in the % colon/BW (Fig. 1B). There
were, however, no differences in the mucosa depth in either the
distal or proximal colon (data not shown). The % cecum/BW
ratio increased with increasing levels of dietary VF suggesting
increased fermentation and/or accumulation of undigested
material in mice consuming VF-containing diets (Fig. 1C).
Because fermentation of RSs has been shown to increase pro-
duction of SCFAs,>™® we measured SCFA production to assess
whether consumption of VF was being fermented. Total SCFA

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Feeding mice increasing levels of VF leads to decreased micro-
biome diversity. The cecal microbiome of mice fed the TWD or TWD 2,
5, or 10% VF was analyzed by 16S sequencing as described in the
Material and methods section. Simpson (A) and Chao-1 biased (B) diver-
sity plots were generated using the CLC Genomics program, n =
9-10 mice per group.
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and acetic acid levels were significantly lower in the 2% group
versus the 5 an 10% groups (Fig. 2a and b). As we saw previously
in mice fed RPS, a raw potato starch containing RS2,>* feeding
VF resulted in increased butyrate production in mice fed the 5
or 10% VF diets (Fig. 2c). Propionic acid and valeric acid pro-
duction was not significantly increased over levels observed in
TWD fed mice (Fig. 2f and g). Both isobutyric and isovaleric
acid levels decreased but were only significantly different in
mice fed the 10% VF diet (Fig. 2d and e). We looked to see if
fecal pH decreased with increased with consumption of VF. One
experiment showed a significant decrease in pH with increasing
dietary VF, but two replicate experiments showed no effect
suggesting that VF consumption did not result in reproducible
effects on fecal pH (data not shown).

Effect of VF on the microbiome diversity and composition

Consumption of DF and RSs can differentially alter the
microbiome.'®*® We previously showed that feeding mice RPS
had profound effects on the microbiome.>* To investigate the
effect of consuming VF, a phosphorylated, cross-linked potato
starch, on the microbiome, DNA isolated from cecal contents
of mice fed the TWD or TWD/VF diets were subjected to 16S
sequencing analysis. Microbiome alpha diversity and richness,
as measured by the Shannon and the Chao-1 biased and
Simpson indices, showed decreased diversity in mice fed diets
containing 10% VF compared to mice fed the basal diet with
only the Shannon index showing a significant decrease in
alpha diversity for mice fed the 5% VF (Fig. 3); however, no
effect of feeding a 2% VF diet on alpha diversity compared to
the basal diet was observed. Beta-diversity was analyzed by
PERMANOVA (0.5 UniFrac) and is illustrated by a PCA (Pearson
product-moment correlation) plot (Fig. 4). The UniFrac ana-
lysis which also considers both abundance and phylogenic
similarity indicated that the 5% and 10% VF groups clustering
more closely together and significantly separated from mice
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fed the basal diet while mice fed the 2% VF diet were not sig-
nificantly different from mice fed the basal diet.

The relative abundance of various genera with a relative
abundance of greater than 0.05% is summarized in a heat
map plot shown in Fig. 5 and in ESI Table 2.} Lachnospirecia
NK4A136 group was the genus with the highest relative abun-
dance but was not substantially changed by consumption of
increasing amounts of VF. Akkermansia levels were increased in
mice fed all three levels of the VF diet compared to mice fed
the basal diet (ESI Table 2,1 Fig. 5). Bacteroides, Azospirillum
sp. 47_25, ASF356, Faecalibaculum and Odoribacter were
increased only in mice fed the 10% VF diet while
Ruminiclostridium 6 and Ruminococcus 1 were increased in
mice fed all three levels of VF suggesting that they were par-
ticularly sensitive to dietary VF levels (ESI Table 2, Fig. 5).
Bifidobacterium and Alistipes, both present at substantial levels,
were unaffected by feeding VF. Numerous genera had signifi-
cant decreases in relative abundance in response to feeding
10% VF including Bilophila, Blautia, Eisenbergiella,
Lachnoclostridium,  Lactobacillus,  Oscillibacter, Rikenella,
Roseburia, members of the Eubacterium and Clostridium senso
stricto 1 being particularly sensitive to feeding of VF with the
abundance decreasing from 2.4% to undetectable levels.
Changes in select genera are shown in Fig. 6.

To identify bacterial genera that discriminate between con-
sumption of different levels of dietary VF, a Lefse plot was gen-
erated for Genera taxa (Fig. 7). The all-group LefSe comparison
showed that Akkermansia and Odoribacter and Bacteroides, all
significantly increased by feeding 10% VF, were the top three
discriminating genera. Only four genera were discriminating
for mice fed a 5% VF diet and both Ruminococcus 1 and
Ruminococcaceae NK4A214 group were significantly increased
in mice fed either the 5% or 10% VF diets. For mice fed the
2% VF diet, Oscillibacter and Rikenella were discriminating,
and their relative abundance was unchanged compared to
mice fed the basal diet but was decreased in mice fed the 10%
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Fig. 4 Feeding mice increasing levels of VF increased beta-diversity in mice. PCA plot was generated using JMP Genomics and a 0.5 UniFrac
PERMANOVA analysis performed using CLC Genomics shows distinct clustering of mice by dietary group with mice in the TWD cluster separated
away from mice fed the 5% or 10% VF containing diets, n = 9-10 mice per group.

3146 | Food Funct, 2024, 15, 3141-3157

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo04512a

Open Access Article. Published on 05 March 2024. Downloaded on 8/6/2025 2:36:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Food & Function

Eubacterium] bracll}%groug
uminccoccaceae -00
Ruminccoccaceae UCG-004
Acetatifactor

Ruminccoccaceae UCG-010
Subdoeligranulum
Anaerofruncus

Marvinbryantia
Pseudegracilibacillus
Sporosarcina

ASF356

Lachnospiraceae NC2004 group

[Eubacterium] coprostanoligenes group

Eé'setl)'\bergjella] : -
ubacterium] xylanophilum grou
[JBA1819 e =

Clestridium sensu stricto 1
Ambiguous_taxa-2
Uncultured-5
Ruminococcaceae NK4A214 group
Lachnospiraceae UCG-001
Azospirillum sp. 47_25
Uncultured bacterium-2
Ruminiclostridium 6
Eubacterium] fissicatena group
ikenella
Roseburia
GCA-900066575
Lachnospiraceae UCG-006
Staphylococcus
Mucispirillum
Uncultured bacterium-3
Dubosiella
Ruminococcaceae UCG-014
Tyzzerella_
Lachnospiraceae FCS020 group
Peptococcus
Lachnospiraceae UCG-008
Bacteroides
Odoribacter
Parabacteroides
Catenibacterium
Ruminiclostridium 5
Ruminococcaceae UCG-003
Rikenellaceae RCY gut group
Desulfovibrio
QOscillibacter
Akkermansia
Bifidobacterium
Ruminiclostridium 9
Ruminococcus 1
Bilophila
Lachnoclostridium
Lactobacillus
Ruminiclostridium
Uncultured-6
Uncultured bacterium-1
Alistipes
Blautia
Uncultured-4
Faecalibaculum
Lachnospiraceae NK4A136 group

This journal is © The Royal Society of Chemistry 2024

0%

R X
[aV I Yol

R
-

View Article Online

Paper

0.0
1.0
2.1
3.1
4.1
5.2
6.4
7.6
8.8
10.0
111

Fig. 5 Feeding mice increasing levels of VF led to alterations in relative abundance of taxa at the genus level. Mice were fed different levels of
Versafibe 1490 and genera with a relative abundance of greater than 0.05% are shown in a heatmap. The color code indicates relative abundance
(%), ranging from blue (low abundance) to green to red (high abundance), n = 9-10 mice per group.

Food Funct, 2024,15, 3141-3157 | 3147


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo04512a

Open Access Article. Published on 05 March 2024. Downloaded on 8/6/2025 2:36:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Food & Function
1] A b B L 1.8
b
§ L 16
s 107 L14 O
T c
s 12 S
2 81 b e
<L 3
° r1.0 o
= 64 b 5 :
% I i 2 N
€ 4 a 06 T
(4]
B Loa X
27 =
a L o2
0 —— ' ' 0.0
(o3 D
a a L5
8 151 ]
c c
g 4 ]
c ab .g
2 2
© 10 A ab ab T I3 ®
[ [
= [ b 2
-~ .-
® t2 O
(] (]
© 5 bc o
X L L1 ES
0 _ ' Lo
E F L 1.4
2.5 -
3 c F1.2 8
S a a S
& 20 T a L1.0 ©
: :
a c
Q Q2
® 1.5 08
2 2
= Lo6 =
8 104 5
[ [
[ Lo4
= 051 =
L 0.2
- b
0.0 , : = L 0.0
61G H
b L 3.5
b a
8 51 b lso 8
c c
g | g
c 4 F25 T
3 5
o L20 8
o 3 a o
2 I lis 2
® Y ®
24 a ©
[ 1.0 o
= =
11 L o5
0 ' ' 2 b 0.0
0% 2% 5% 10% 0% 2% 5% 10%

%VF in diet %VF in diet

Fig. 6 The relative abundance of specific taxa was altered by feeding mice different levels of VF. The effect of feeding different levels of RPS on the
relative abundance of specific taxa is shown. (A) Akkermansia, (B) Bacteroides, (C) Blautia, (D) Lactobacillus, (E) Ruminiclostridium, (F)
Ruminiclostridium 6, (G) Ruminococcus 1, and (H) Clostridium sensu stricto 1. Data are presented as the mean + SEM, n = 9-10 mice per group. Bars
with different letters are significantly different p < 0.05.

VF diet. Blautia, Lactobacillus, Clostridium senso stricto 1, Effect of VF on gene expression in the cecum and DC
Lachn.oclostrldzum, Bilop }.”la and Roseburlfz w.eFe discriminating Feeding increasing levels of VF did not lead to significant sep-
for mice fed the basal diet and all were significantly decreased

) i . aration of the dietary groups in a PCA plot for the cecum or
in mice fed the 10% VF diet.

3148 | Food Funct,, 2024, 15, 3141-3157 This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo04512a

Open Access Article. Published on 05 March 2024. Downloaded on 8/6/2025 2:36:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

o
=

N

e

w

Food & Function

0% 2% 5% B10%

Akkermansia

Odoribacter

Bacteroides
Ruminiclostridiumé
RikenellaceaeRC9gutgroup
LachnospiraceaeUCG_001
LachnospiraceaeUCG_010
Parvibacter
Azospirillumsp_47_25
Marvinbryantia

ASF356
CandidatusArthromitus
Anaerotruncus

Muribaculum
Ruminococcusl
RuminococcaceaeNK4A214group
Sporosarcina
RuminococcaceaeUCG_005
Oscillibacter

Rikenella

Anaerofustis
ChristensenellaceaeR_7group
Eubacteriumcoprostanoligenesgroup
RuminococcaceaeUCG_004
Eisenbergiella
LachnospiraceaeNC2004group
LachnospiraceaeUCG_004
CoriobacteriaceaeUCG_002
Eubacteriumnodatumgroup
Ruminococcustorquesgroup
Turicibacter

Blautia

Lactobacillus
Clostridiumsensustrictol
Lachnoclostridium

Bilophila

Roseburia
LachnospiraceaeUCG_006
Eubacteriumfissicatenagroup
Desulfovibrio
LachnospiraceaeUCG_008
Moryella
LachnospiraceaeFCS020group
FamilyXIIIAD3011group
Eubacteriumbrachygroup
UBA1819

GCA_900066225
Pseudogracilibacillus
Anaerovorax

Butyricicoccus
RuminococcaceaeUCG_009
Acetatifactor
Eubacteriumxylanophilumgroup
Lactococcus
Eubacteriumhalliigroup
CandidatusSaccharimonas
FamilyXIIlUCG_001
Streptococcus

A2

Enterorhabdus

Atopostipes

Fig. 7 LEfSe analysis identifies differentially abundant genera as bio-
markers. 16S sequencing data from the cecal microbiome of mice fed
the TWD or TWD plus 2, 5 or 10% VF were analyzed by the LEfSe
method using Kruskal—Wallis test (P < 0.05) with LDA score >2.0 being
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distal colon Fig. 8. However, in the cecum of VF fed mice, we
observed a significant change (FDR adjusted p < 0.05, fold
change <—1.5 or >+1.5) in the expression of 2, 24 and 65 genes
in the 2, 5 and 10% VF groups versus control, respectively
(Fig. 9A, ESI Tables 3 and 4f). In the 2% group, both genes
were downregulated. In the 5% group 10 genes were downregu-
lated and 14 were upregulated. The most highly upregulated
gene was Intelectin 1 (Itln1), an II-13 induced adipocytokine

This journal is © The Royal Society of Chemistry 2024
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and pattern recognition receptor.*’ Lysozyme 1 (Lyz1), an
enzyme involved in antibacterial responses, was induced 3.9-
fold. N-Acetylglutamate synthase (Nags), a protein involved in
arginine metabolism®® was also upregulated 1.6-fold. Among
the downregulated genes were, solute carrier family 16,
member 3 (Slc16a3), a lactate and pyruvate transporter’" and
aquaporin 8 (Aqp8), a water transporter.>® In the 10% group,
36 genes were downregulated and 29 upregulated. Among the
upregulated genes were 3 interferon-induced genes (myelin
and lymphocyte protein); T-cell differentiation protein (Mal),
Mov10 RNA helicase (Mov10), DEAD (Asp-Glu-Ala-Asp) box
polypeptide 60 (Ddx60), involved in antiviral responses.”>>*

In the distal colon we observed a significant change (FDR
adjusted p < 0.05, fold change <-1.5 or >+1.5) in the
expression of 0, 9 and 33 genes in the 2, 5 and 10% VF groups
versus control, respectively (Fig. 9B, ESI Tables 3 and 5%). In
the 5% group, 6 genes were downregulated and 3 were upregu-
lated. The most highly upregulated gene was Nags (7.7-fold).
The most highly downregulated (—1.9-fold) gene was cerulo-
plasmin (Cp), a copper transporter and positive acute phase
reactant.”® Another downregulated gene was Interferon, alpha-
inducible protein 27 like 2A (Ifi2712a), an interferon induced,
adipocytokine.>®*” In the 10% group, 15 genes were downregu-
lated and 16 upregulated. The most highly upregulated gene
(25.6-fold) was solute carrier family 9 (sodium/hydrogen
exchanger), member 3 (Slc9a3) an interleukin-13 induced,>®
chloride ion transporter’”® involved in the production of
mucus.®® Solute carrier family 13 (sodium-dependent citrate
transporter), member (Slc13a2), a transporter for citrate and
succinate®" was modestly induced (2.7-fold). Another gene that
was modestly induced was Claudin 23 (Cldn23) (1.8-fold) a
member of the Claudin family and has previously shown to be
upregulated by butyrate in mice and humans.®® The most
interesting gene that was down regulated was indoleamine-
pyrrole 2;3 dioxygenase (Idol) a macrophage expressed, inter-
feron gamma-induced protein®® that is anti-inflammatory due
to its ability to degrade tryptophan. Several genes involved in
lipid transport or metabolism (ATP-binding cassette sub-
family G member 8 (Abcg8), CD36 blood group (Cd36), apoli-
poprotein B, Apob) and several serine protease inhibitor 1
paralogs (Serpinala, Serpinalc) were also among the downre-
gulated genes. The human ortholog of Serpinala, SERPINA1,
is a positive acute phase reactant and in mice has broad anti-
inflammatory activities.**

Discussion

The results presented here demonstrate that mice fed VF, a
phosphorylated and crosslinked potato starch, in the context
of a basal diet that emulates a typical American diet for both
macro and micronutrients,”® had a significant effect on the
microbiome. This approach differs from many RS studies that
employ unrealistic high fat, high sucrose diets that do not
mimic a typical American diet. The levels of RS4 consumed by
the mice is approximately equivalent to a human consuming
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between 4 and 20 g of RS per day based on the energy needs
conversion factor for mice to humans and average feed con-
sumption for mice consuming between 2-10% RPS.°®> Alpha-
diversity was significantly decreased in mice fed the 10% VF
diet, but the 5% VF group was only significantly different from
the basal group in the Shannon diversity plot and the 2%
group was not different from the basal diet in all three alpha
diversity plots. We and others have also shown that feeding RS
can decrease alpha diversity in rodents.®'”?*%%"%% Feeding pigs
diets containing RS2 including RPS also showed decreased
alpha-diversity in the colon but not the cecum.®®’® Similar
results were observed in pigs fed a diet containing RS3.”*
However, our results with VF only partially recapitulated what
we found with RPS, where decreased alpha diversity was more
pronounced and observed at the 2%, 5%, and 10% levels.
Similarly, VF had a less pronounced effect on beta diversity
compared to RPS with differences only observed in mice fed
the 5% and 10% VF diets compared to the basal diet. The 2%
VF diet had no effect on beta diversity whereas the 2% RPS
diet caused a significant change in beta-diversity compared to
the basal diet. Together these results suggest that phosphory-
lating and crosslinking the potato starch altered its ability to
affect changes to the diversity of the microbiome as compared
to RPS.

SCFA production was altered in VF fed mice. As was
observed in our previous study using RPS,>! there were no
differences in total, or propionic acid levels but butyrate levels
were increased in the 5% and 10% VF groups. Changes in iso-
butyric and isovaleric acid were less pronounced in mice fed
the VF diets than we observed with RPS with only the 10% VF
group significantly reduced compared to the basal diet but are
consistent with a shift to saccharolytic fermentation and a
decrease in proteolytic fermentation (branched-chain
SCFAs).”>”® In contrast to the previously observed dose depen-
dent RPS induced decrease in valeric acid production, VF had
no effect on valeric acid levels. These results indicate that
phosphorylating and crosslinking potato starch changed but
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did not eliminate its ability to be fermented by commensal
bacteria and alter SCFA production. Others have also reported
increased butyrate production in response to feeding RS to
rodents.>’*’> These results are different than what was
observed in rats*® and humans®” fed VF where no changes in
SCFA production was observed. The reasons for these differ-
ences are not clear but it is known that the composition of the
basal commensal microbiota can affect its ability to digest RS
and other compounds.”®

Consumption of resistant starches has also been associated
with a decrease in fecal pH®’® which can favor butyrate
forming taxa.”” Feeding RPS to mice resulted in a dose depen-
dent decrease in fecal pH.>* This was not reproducibly
observed in mice fed VF with only one of three experiments
showing decreasing fecal pH with increasing dietary VF. A lack
of fecal pH change was also seen in rats fed VF*® and contrasts
with results obtained with other RS where decreased fecal or
cecal pH was observed.®*®”> We and others have reported that
feeding RPS to mice can result in an increase in colon and
cecum weight.>*”®7° Similar effects were observed with VF. A
modest increase in colon/body weight ratio was observed only
in mice fed the 10% VF diet but no effect was observed on
mucosa depth (data not shown). Cecum weight increased with
increasing dietary VF reflecting the increased levels of undi-
gested material reaching the cecum for subsequent fermenta-
tion by commensal bacteria. Other have also observed
decreased fecal pH®”® and enlargement of the cecum in
rodents fed RS>'*'”*® including VF.*®

Feeding VF led to specific changes to the microbiota at the
genus level. These changes were mostly observed in mice fed
5% or 10% VF diets. About equal numbers of genera increased
or decreased in relative abundance at each dietary level of VF.
This contrasts to what we observed with RPS where only a few
genera increased in abundance in response to feeding RPS.
There were about 4x and 2x as many changes in mice fed the
10% VF diet than was seen in mice fed the 2% or 5% VF diets,
respectively. Of particular note, we previously observed that the
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Fig. 8 Principal component analysis (PCA) of RNASeq data from cecum, and distal colon tissue. PCA plots were generated from RNASeq data for
the cecum and distal colon. Feeding increasing levels of VF did not lead to significant separation of the dietary groups in a PCA plot generated using

JMP Genomics in (A) cecum or (B) distal colon. n = 5 mice per group.
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Lachnospiraceae NK4A136 group went from approximately 10%
to 50% relative abundance in a graded manner in response to
increasing dietary RPS,** but this large increase was not
observed when mice were fed VF suggesting that this genus
cannot utilize VF to the same extent as RPS. Also of note, there
was an increase in Akkermansia in response to feeding any
level of VF. Bifidobacterium, considered a beneficial commen-
sal, did not increase in response to feeding VF although there
was a significant increase in Bacteroides. There were multiple
genera that decreased in abundance including Bilophila,
Blautia, Clostridium sensu stricto 1, Lactobacillus, Rikenella, and
Roseburia that were also reduced in mice fed RPS.** While
Ruminococcus 1, Ruminiclostridium 5 and 9, and Alistipes
decreased in response to feeding RPS, Ruminococcus 1 and
Ruminiclostridium 6 increased but other Ruminiclostridium and
Ruminococcaceae genera decreased or remained unchanged in
mice fed VF. In toto, these results suggest that commensal bac-
teria responded very differently to feeding a phosphorylated,
crosslinked potato starch compared to our previous results
using an unmodified potato starch.**

The Lachnospiraceae and Ruminococcaceae families contain
the largest number of butyrate producers.®® Other genera can
also contribute to butyrate production including Bacteroides,
Faecalibaculum, and Ruminococcus 1 all of which increased in
response to feeding VF. Akkermansia is a known mucin degra-
der® that can produce metabolites that cross-feed other com-
mensal strains leading to increased SCFA production®* that
may have also contributed to the increased butyrate pro-
duction observed with feeding VF. Ruminiclostridium 6
expression was extremely low in TWD fed mice and increased
markedly upon feeding VF (but not RPS) suggesting that that
members of this genus can metabolize the phosphorylated
cross-linked starch and have a growth advantage. Members of
this genus are known to digest a variety of substrates including
cellulose, hemicellulose and other complex carbohydrates.®
Ruminococcus 1 abundance was also increased by feeding VF
and is another genus associated with degradation of
starches.®>®> Another member of this genus, Ruminococcus
bromii is considered to be a primary RS degrader in humans.®®
R. bromii contain enzyme complexes called amylosomes, that
can bind to RS granules via carbohydrate binding domains
and digest the RS releasing products that can subsequently be
acted upon by secondary degrader such as B. thetaiotaomicron
and Eubacterium rectale.’”

RS4s have been produced from a variety of starting
materials including corn, wheat, tapioca and potatoes and by
different methods. The ability of these different RS4s to modu-
late SCFA production and the microbiota differs. Deehan et al.,
(2020)*” demonstrated that crystalline maize and cross-linked
tapioca RS4s were able to affect SCFA production and the
microbiota in humans while crosslinked potato starch (VF) did
not, suggesting that VF was not a fermentable substrate. This
contrasts with a recent study where VF altered the microbiome
of human subjects®® and results from in vitro human fecal cul-
tures where VF as well as crystalline maize and cross-linked
tapioca were all fermented to varying degrees.’® Our results

3152 | Food Funct, 2024, 15, 3141-3157

View Article Online

Food & Function

indicate that feeding VF to mice fed a western-style diet altered
both SCFA production and the microbiome while feeding rats
VF did not alter SCFA production or change cecal pH while
crystalline maize and cross-linked tapioca RS4s did.*® Other
RS4s have also been tested. An in vitro study using human
feces showed fermentation of RS4s derived from wheat
(Fibersym RW™) and potatoes (Fibersym 80ST).*® There are,
however, conflicting results for human studies using the RS4,
Fibersym RW, with one study finding no effect of Fibersym
RW on the metaproteome®® while two studies showed signifi-
cant changes to the microbiome of subjects fed Fibersym
RW°?? as did a study in mice.”® Together these results
suggest that the host response to feeding VF and other RS4s
can vary substantially. These conflicting results could be due
to differences in the basal microbiome composition.
Interindividual differences in human microbiota are well docu-
mented and treatment induced changes to the microbiome
can often exceed intraindividual differences due to treat-
ment.”* SCFA production in humans in response to RS con-
sumption can depend on whether specific bacterial strains are
present.”® Additional studies are necessary to gain a better
understanding of how the basal microbiome affects sub-
sequent responses to feeding different types of RS.

Global gene expression in the cecum and colon were ana-
lyzed. PCA plots of the cecum and colon did show separation
of mice fed the basal vs. the 10% VF diet but there was not
clear separation of the different VF groups as we had observed
with mice fed RPS.>* There was a dramatic decrease in the
total number of gene expression changes in mice fed VF in
both the cecum and colon compared to our results with RPS.
While, in general, mice fed 10% RPS diet had more genes
upregulated in the cecum than downregulated,> the number
of up- and downregulated genes in mice fed the 5% or 10% VF
diet were similar. A number of genes associated with the
immune response were altered by consuming VF as was
observed with RPS. The reasons for the differences in gene
expression between this study and our previous study with RPS
are not clear but may be related to the observed differences in
the effect of RPS vs. VF on the microbiome and/or their metab-
olites. Future studies comparing the effect of consumption of
RPS vs. VF on the metabolome may shed light on this.
Alternatively, different RS may have other non-microbial
dependent effects on gene expression.

Conclusions

Previous studies by others have provided mixed results on the
ability of various RS4s to be fermented. Of note were studies
where feeding VF to humans, rats or in vitro culture systems
gave conflicting results as to the fermentability of VF. Here we
showed that mice are capable of fermenting VF as demon-
strated by increased butyrate and reduced branch-chain SCFA
production, as well as changes to the cecal microbiome and
gene expression in the cecum and distal colon. Gene
expression changes were more prevalent in the cecum and in
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mice fed the 10% VF diet. The number of changes, however,
were substantially lower than we previously observed in mice
fed RPS. VF induced changes to the microbiome were also
different than we observed with RPS providing additional evi-
dence that the structure of the RS is a major factor determin-
ing its effects on the microbiome and gene expression in the
cecum and colon.

Abbreviations

DC Distal colon

DF Dietary fiber

EC Epithelial cell

HFD High fat diet

HAMS High-amylose maize starch
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NHANES National Health and Nutrition Examination Survey
PC Proximal colon
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RPS Resistant potato starch

SCFA Short chain fatty acids
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Sle Solute carrier family

TWD Total western diet
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