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ABSTRACT
Background: Whole grain wheat (WGW) products are advocated as a healthy choice when compared with refined

wheat (RW). One proposed mechanism for these health benefits is via the microbiota, because WGW contains multiple

fibers. WGW consumption has been proposed to ameliorate nonalcoholic fatty liver disease, in which microbiota might

play a role.

Objectives: We investigated the effect of WGW compared with RW intervention on the fecal microbiota composition

and functionality, and correlated intervention-induced changes in bacteria with changes in liver health parameters in

adults with overweight or obesity.

Methods: We used data of a 12-wk double-blind, randomized, controlled, parallel trial to examine the effects of a WGW

(98 g/d) or RW (98 g/d) intervention on the secondary outcomes fecal microbiota composition, predicted microbiota

functionality, and stool consistency in 37 women and men (aged 45–70 y, BMI 25–35 kg/m2). The changes in microbiota

composition, measured using 16S ribosomal RNA gene sequencing, after a 12-wk intervention were analyzed with

nonparametric tests, and correlated with changes in liver fat and circulating concentrations of liver enzymes including

alanine transaminase, aspartate transaminase, γ -glutamyltransferase, and serum amyloid A.

Results: The WGW intervention increased the mean (± SD) relative abundances of Ruminococcaceae_UCG-014

(baseline: 2.2 ± 4.6%, differential change over time (�) 0.51 ± 4.2%), Ruminiclostridium_9 (baseline: 0.065 ± 0.11%,

� 0.054 ± 0.14%), and Ruminococcaceae_NK4A214_group (baseline: 0.37 ± 0.56%, � 0.17 ± 0.83%), and also the

predicted pathway acetyl-CoA fermentation to butyrate II (baseline: 0.23 ± 0.062%, � 0.035 ± 0.059%), compared with

the RW intervention (P values <0.05). A change in Ruminococcaceae_NK4A214_group was positively correlated with

the change in liver fat, in both the WGW (ρ = 0.54; P = 0.026) and RW (ρ = 0.67; P = 0.024) groups.

Conclusions: In middle-aged overweight and obese adults, a 12-wk WGW intervention increased the relative

abundance of a number of bacterial taxa from the family Ruminococcaceae and increased predicted fermentation

pathways when compared with an RW intervention. Potential protective health effects of replacement of RW by WGW

on metabolic organs, such as the liver, via modulation of the microbiota, deserve further investigation. This trial was

registered at clinicaltrials.gov as NCT02385149. J Nutr 2021;151:491–502.
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Introduction
The consumption of whole grains (WGs) is associated with
lower risk of diseases such as type 2 diabetes, cardiovascular
diseases, obesity, and certain types of cancer in observational
studies (1–3). In addition, consumption of WGs rather than

refined grain has been proposed to prevent nonalcoholic fatty
liver disease (NAFLD) (4). The presence of numerous bioactive
compounds makes WGs, including whole grain wheat (WGW),
nutritionally superior to refined wheat (RW) products (5). In
refined products, both the bran and germ in the wheat kernel,
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which are rich sources of dietary fiber, polyphenols, B-complex
vitamins, betaine, choline, and minerals, have been removed
(5, 6). However, multiple previous WG interventions in human
subjects have reported conflicting results in improvements in
health parameters such as insulin sensitivity and cholesterol
concentrations (7–10).

The potential health benefits of WGW have also been
ascribed to fiber. WGW is a source of both fermentable and
nonfermentable dietary fibers, such as (hemi)cellulose including
arabinoxylan and β-glucan, lignin, and the oligosaccharides
raffinose, stachyose, and fructan (11). Dietary fibers are not
hydrolyzed or absorbed in the small intestine, and therefore
can directly interact with the colonic gut microbiota, resulting
in the production of metabolites that are relevant to health
(12, 13). Diet affects the microbiota, and consequently dietary
changes (for instance, via interventions) can possibly modulate
the intestinal microbiota composition and functionality (13).
Cereal fibers and other components in WGW such as iron
(14) have shown an ability to modulate the gut microbiota
composition in vitro and in vivo (15, 16). Moreover, multiple
human trials demonstrated an increase in specific bacteria
associated with host health benefits after WGW interventions,
including enhanced abundance of Bifidobacterium (17, 18)
and Lactobacillus (18, 19). Two trials reported an increase in
butyrate-producing bacteria upon WGW or WG consumption
(19, 20). However, other human trials did not find effects of
WGs on the microbiota composition (21–23). The effects of
WGW and WGs on both the composition and functions of the
gut microbiota in humans are therefore not yet well understood.
Some previous trials investigated only a selected subset of
bacteria (17, 18, 24) and could have failed to capture the full
effects of WGW and RW on the gut microbiota. It remains to
be elucidated if the gut microbiota mediates the health benefits
of WGW in humans.

The fermentable dietary fibers can be broken down by the
gut microbiota (11, 25), producing SCFAs, mainly acetate,
butyrate, and propionate. SCFAs can reach the liver and the
peripheral circulation, where they can affect organ function and
metabolism (26, 27). In vitro studies and animal experiments
have shown that SCFAs increase fat oxidation in liver tissue
(28, 29), suggesting a link between microbial-produced SCFAs
and liver fat. Modulation of the gut microbiota is thought to
play a role in the development of NAFLD and nonalcoholic
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steatohepatitis (30–33). In the review of Ross et al. (4) the
effect of WGs on the microbiota was proposed as a potential
mechanism in the prevention of NAFLD. The presence of a
perturbed metabolic health status, such as being middle-aged
and being overweight or obese, is often a prerequisite for the
development of NAFLD (4).

Recently, we performed the Graandioos study (7, 34), and
observed that a 12-wk RW intervention increased intrahepatic
triglycerides (IHTGs) and decreased microbiota diversity in
middle-aged adults with overweight and obesity, whereas a
WGW intervention prevented an increase in liver fat (7). We
have previously reported the effect of WGW and RW on the
abundances of a preselected subset of bacteria (7). In the current
article we describe the effects of this randomized, controlled,
double-blind, parallel trial with a 12-wk WGW intervention
compared with an RW intervention on the complete fecal
microbiota composition with additional analyses, as well as the
effects of the interventions on predicted microbial functionality.
Moreover, we investigated the relation between intervention-
induced changes in bacterial composition and changes in
various liver health parameters, such as IHTGs and liver
enzymes, to examine the potential role of microbiota in the
preventive effect of WGW in hepatic fat accumulation.

Methods
Subjects
Fifty middle-aged Dutch men and postmenopausal women (aged
45–70 y, BMI 25–35 kg/m2) with mildly elevated plasma total
cholesterol (>5 mmol/L) participated. Subjects using cholesterol-
lowering medication or subjects that used antibiotics <1 mo prior
to day 1 of the study were excluded (for details see reference 7).
Subjects had no history of medical/surgical events that could affect the
study outcomes. During the screening visit, subjects filled in an FFQ
to determine habitual dietary intake. WG consumption was quantified
by research dietitians using The Dutch Food Composition Database
(NEVO) table 2010. This trial was approved by the Medical Ethical
Committee of Wageningen University and registered at clinicaltrials.gov
under NCT02385149. All participants gave written consent before
participation.

Study design and procedures
This study was a randomized, controlled, double-blind, parallel trial
(Supplemental Figure 1). Recruitment and study logistics are described
in reference 7. Before the start of the intervention, a 4-wk run-in period
with uncolored RW products was included to reduce WGW intake
variation at baseline. Afterwards, subjects were randomly assigned to a
12-wk intervention with either WGW products or colored RW products.
Age, gender, BMI, and cholesterol concentrations were stratified among
the intervention groups. The randomization was conducted using block
randomization (Microsoft Excel) by a researcher who was not involved
in the study. Participants were asked to continue their dietary pattern
and dietary habits during the intervention period. They were not
allowed to lose or gain weight during the intervention. Before and
after the 12-wk intervention, feces were collected. At test days, liver
fat accumulation and metabolic health parameters were measured.
Participants recorded stool consistency weekly using the Bristol Stool
Chart, which describes seven types of stools ranging from 1: hard/lumpy
to 7: watery without solid pieces. The day prior to the test day,
participants consumed a standardized low-fat evening meal, refrained
from alcohol or strenuous exercise, and were not allowed to eat or drink
anything except water after 20:00 to ensure a fasting state.

Intervention products
Participants received either WGW or RW products to replace their
habitual intake of grain products. Four slices of bread (in total 100 g/d),
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and one serving of ready-to-eat-cereals (33.4 g/d) were consumed daily.
In total, this added up to 98 g of RW or WGW flour per day. RW
products were colored with roasted wheat malt and caramelized sugar
to match the appearance of WGW products. On the macronutrient
and energy level, the RW and WGW products were similar, except
for fiber content. The WGW products contained 17.6 g fiber/100 g,
and the RW products 7.2 g fiber/100 g. The nutritional composition
(macronutrients, vitamins, and minerals) of the intervention products is
provided in Supplemental Table 1. During the run-in and intervention
periods, consumption of additional WG food products was not allowed,
including products from other grain sources (i.e., brown rice), in
both the WGW and RW groups. All participants received a list
of WG products to avoid during the intervention. Subjects were
allowed to complement their daily diet with additional refined grain
products.

Clinical chemistry and IHTG accumulation
Lipid content in the liver was quantified with proton magnetic
resonance spectroscopy using a 3-T whole-body MRI scanner (7).
Plasma alanine transaminase (ALT), aspartate transaminase (AST),
γ -glutamyltransferase (GGT), C-reactive protein (CRP), and serum
amyloid A (SAA) were included as liver health markers, which were
analyzed as described previously (7). β-Hydroxybutyrate was also
included as marker because it can be synthesized in the liver via the
metabolism of butyrate. As a biomarker for WGW intake, plasma
alkylresorcinol was analyzed as described previously (7).

Fecal samples and microbiota profiling
Feces were collected at home ≤3 d before the test day using collection
pots and equipment and were stored at −20◦C for ≤3 d. Samples were
transferred to −80◦C. Fecal material was mechanically homogenized,
and genomic DNA was isolated with the use of an AGOWA mag
Mini kit (AGOWA, Berlin, Germany) according to the manufacturer’s
instructions. The V4 hypervariable region of the 16S ribosomal RNA
(rRNA) gene was PCR amplified using F515/R806 primers. PCR
products were purified, followed by paired-end sequencing on an
Illumina MiSeq platform, as described previously (7). Twenty-two
technical replicate samples were included in the dataset, representing
2 aliquots taken from the same fecal sample at the same time from which
all consecutive steps were performed separately to isolate DNA. Raw
sequencing data were first demultiplexed by trimming barcodes and
primer sequences. Afterwards, the data were processed and amplicon
sequence variants (ASVs) were picked with NG-Tax using default
settings (35, 36). Chimeras were detected and filtered when the forward
and reverse read of that ASV was identical to two different ASVs, and
the abundance of the matched ASVs were ≥2 times the abundance of
that specific ASV. The SILVA reference database version 128 was used to
assign taxonomy, with a confidence >80% for genus-level classification.

Microbiota composition analyses
R version 3.5.1 (R Foundation) was used for all analyses (37). Raw
counts were transformed to relative abundance. Technical replicates
were compared by calculating pairwise Pearson correlation using the
genus-level relative abundance. Afterwards, bacterial abundance in
technical replicates was averaged.α-Diversity was calculated using Faith
phylogenetic diversity based on branch length connecting taxa in those
samples and the root node of the phylogenetic tree. Pairwise weighted
UniFrac (38) distance-based principal coordinate analysis was used to
visualize overall microbial community variation (39). Permutational
multivariate analysis of variance (PERMANOVA) (40) was used to test
for significant differences in overall community composition between
groups.

Prediction of microbiota functionality and markers for
SCFA production
Microbial functions were predicted based on the 16S sequences
using the PICRUSt2 (Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States) algorithm (41). The default
workflow was followed (41). Compositional count data of predicted

TABLE 1 Baseline characteristics of middle-aged overweight
and obese subjects in the RW or WGW group in a subset of the
total study population1

Variables RW group WGW group P value

Gender,2 n males (%) 9 (60) 12 (60) 0.96

Age, y 60 ± 6.0 60 ± 5.4 0.97
Body weight, kg 84 ± 7.0 86 ± 9.4 0.36
BMI, kg/m2 27 ± 2.2 28 ± 2.0 0.14
IHTGs,3 % 3.6 ± 2.5 5.5 ± 6.4 0.83
Total cholesterol, mmol/L 6.0 ± 0.76 6.2 ± 0.71 0.38
CRP,3 μg/mL 2.9 ± 3.1 4.8 ± 7.3 0.95
SAA,3 μg/mL 2.1 ± 1.9 7.2 ± 16 0.76
GGT, U/L 19 ± 13 21 ± 13 0.61
AST, U/L 19 ± 5.6 19 ± 4.7 0.60
ALT, U/L 31 ± 9.4 36 ± 12 0.18
β-Hydroxybutyrate, mmol/L 0.30 ± 0.20 0.20 ± 0.20 0.043

1Values are presented as group means ± SD, n = 16 (RW) or n = 21 (WGW). ALT,
alanine transaminase; AST, aspartate transaminase; CRP, C-reactive protein; GGT,
γ -glutamyltransferase; IHTG, intrahepatic triglyceride; RW, refined wheat; SAA,
serum amyloid A; WGW, whole grain wheat.
2Presented as the number and percentage of males.
3Nonparametric distribution, evaluated with the Mann–Whitney U test.

pathways and Kyoto Encyclopedia of Genes and Genomes (KEGG)
orthologs were transformed to relative abundance. More details are
described in Supplemental Methods. KEGG orthologs were selected
that could be used as markers for SCFA production (see Supplemental
Methods).

Statistical analysis
The nonparametric Wilcoxon test was applied for paired comparisons
of bacteria and predicted pathway relative abundances within interven-
tion group over time, due to the nonnormal distribution of the data. The
unpaired Mann–Whitney U test was used to determine the differences
between groups at baseline and the differential changes over time (�)
between intervention groups. Differences in baseline characteristics and
FFQ data were assessed using independent t tests, or Mann–Whitney U
tests, depending on the variable distribution. Bristol Stool Chart scores
were analyzed using linear mixed effects modeling with interventions,
time, and the interaction as fixed effects, and subject ID as a random
effect (R package lme4). Correlations between (changes of) relative
abundances of bacteria at the genus level and (changes of) liver health
parameters between paired samples were assessed by Spearman rank
correlation tests. Analyses were performed without and with adjustment
for multiple comparisons using false discovery rate (FDR). Nonadjusted
P values < 0.05 were considered significant, because modest changes
were expected due to the explorative character of this study.

Results
Subject characteristics and stool consistency

Participants with missing fecal samples before or after the
intervention (n = 5) or use of antibiotics during the intervention
(n = 8) were removed from the analysis, resulting in 16 partici-
pants in the RW group, and 21 participants in the WGW group.
No significant differences in baseline characteristics were found
between groups, except for β-hydroxybutyrate (P = 0.043),
which was higher in the RW group (Table 1). The mean (±
SD) habitual WG intake before the start of the intervention
was 60.1 ± 59.2 g/d in the RW group, and 54.4 ± 38.0 g/d in
the WGW group (P = 0.73; Supplemental Table 2). No
significant differences in the habitual intake of WGs, total
carbohydrates, or dietary fibers were found between groups.
Habitual medication use did not change during intervention,
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FIGURE 1 Significantly different fecal bacterial taxa and bacterial
pathways at baseline and after 12-wk of an RW or WGW intervention
in middle-aged overweight and obese adults. The flow diagram shows
the number of bacterial taxa at the genus level and the predicted
pathways for which the change in relative abundance was significantly
different among interventions. RW, refined wheat; WGW, whole grain
wheat.

and analgesic use during the whole study period was ≤15 d
in total. Stool consistency showed a nonspecific trend during
the run-in and intervention periods (Supplemental Figure 2),
without a significant effect of time (P = 0.58) or intervention
(P = 0.64) on the consistency score. The main findings in this
subset of the study population reflected those in the total study
population, published previously (7), namely RW significantly
increased IHTGs compared with the WGW group (P = 0.033),
and WGW consumption decreased SAA (P = 0.042) and
increased β-hydroxybutyrate (P = 0.003), compared with the
RW group (Supplemental Table 3).

Microbiota composition and predicted pathways at
baseline

The microbiota composition and predicted pathway datasets
were of high quality (Supplemental Figure 3), and all details
are provided in the Supplemental Results. In total, 1450
unique ASVs were identified in the microbiota dataset within
181 unique genera, and 356 pathways were predicted to be
active in the dataset. Substantial interindividual variation in
microbiota composition at the genus level was observed at
baseline (Supplemental Figure 4), without clear differences
between intervention groups for the average composition.
Without correcting for multiple testing, 7 bacterial taxa and
11 predicted pathways were significantly different between
groups at baseline (Figure 1, Supplemental Table 4). After
FDR correction, none of the bacterial taxa or pathways were
significantly different at baseline.

The gut microbiota diversity

No significant clustering effect was found between baseline and
postintervention within and between groups based on overall
microbiota profiles (PERMANOVA P = 0.63, Figure 2A).
However, the overall microbiota community of most individuals
showed a shift over time. The change in microbial diversity
(phylogenetic diversity, PD) (Figure 2B) was not significantly

FIGURE 2 The effect of 12 wk of an RW or WGW intervention on
the fecal microbiota diversity in middle-aged overweight and obese
adults. (A) PCoA plot using weighted UniFrac dissimilarity to visualize
the overall microbiota community variation. Color and shape highlight
the intervention groups before or after the intervention. The lines
connect the within-person samples over time; 95% CIs are plotted.
(B) Microbial diversity as assessed using Faith phylogenetic diversity
at baseline and after the 12-wk intervention (end). Individual paired
samples are connected by a line. The width of the colored shapes
indicates the sample density, the squared shape inside indicates the
group mean. PCoA, principal coordinate analysis; RW, refined wheat;
WGW, whole grain wheat.

different between the RW and WGW interventions (P = 0.21).
Both RW and WGW interventions did not change microbial
diversity (RW: baseline 11.5 ± 1.38 PD, � −0.67 ± 1.66 PD,
P = 0.19; WGW: baseline 11.0 ± 1.50 PD, � −0.09 ± 1.10 PD,
P = 0.97). On the group level, no differences were found
in the overall microbiota community composition. Overall,
the interventions changed neither microbiota phylogenetic
diversity (α-diversity) nor the overall community composition
(β-diversity).

The effect of RW and WGW interventions on the
microbiota composition

Intervention effects on microbiota abundances were found at
the genus level between and within the WGW and RW groups
(Table 2). Between groups, 4 bacterial taxa were significantly
different over time (Figure 3), namely Ruminiclostridium_9
(P = 0.003), Ruminococcaceae_NK4A214_group
(P = 0.036), Lachnospiraceae_UCG-008 (P = 0.044),
and Ruminococcaceae_UCG-014 (P = 0.033), without
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significant differences within intervention groups. Not all
of the aforementioned bacterial taxa were present in all
individuals; in Supplemental Table 5, the number of subjects
in which the bacterial taxa were detected is shown. Overall,
the WGW intervention increased 3 bacterial taxa (within
the Ruminococcaceae family) and decreased 1 bacterial
taxon (within the Lachnospiraceae family), whereas the RW
intervention mostly decreased these bacteria.

Correlations between the microbiota and liver health
parameters

The relative abundances of all bacteria at baseline were
then correlated with baseline IHTGs. Significant positive
correlations were found between IHTG and Roseburia
(Figure 4, ρ = 0.38, P = 0.025), Ruminococcus_2 (ρ = 0.39,
P = 0.021), and Faecalibacterium (ρ = 0.39, P = 0.020).
Significant negative correlations were found between IHTGs
and Ruminococcaceae_UCG-010 (ρ = −0.38, P = 0.026),
Ruminococcaceae_UCG-005 (ρ = −0.40, P = 0.018), and
Akkermansia (ρ = −0.36, P = 0.035). After removal
of 2 outliers (18% and 26% IHTG), the correlation be-
tween IHTGs and Ruminococcus_2 was still significant
(P = 0.050), whereas for the other bacteria there was
a trend toward significance (P values between 0.05 and
0.10). After FDR correction, none of these correlations were
significant.

Correlations between changes in liver health markers
including IHTGs, ALT, AST, GGT, SAA, CRP, and β-
hydroxybutyrate with changes in bacterial abundances after
12 wk of intervention were tested (Supplemental Figure 5).
Change in IHTGs was positively correlated with change in
Ruminococcaceae_NK4A214_group abundance in both the
WGW (ρ = 0.54, P = 0.026) and RW (ρ = 0.67, P = 0.024)
groups (Table 3). Moreover, change in ALT was significantly
correlated with changes of 2 bacterial taxa in the RW and
2 in the WGW intervention. Change in AST was correlated
with changes of 3 bacterial taxa in the RW group, 1 in
the WGW group, and 1 (Lachnoclostridium) in both groups.
Changes in GGT or SAA were significantly correlated with
changes in abundance of 1 bacterial taxon in the RW group
and 1 in the WGW group, or 3 bacterial taxa in the
WGW group, respectively. Change in CRP was correlated with
changes of 3 bacterial taxa in the RW group. Furthermore,
change in β-hydroxybutyrate was positively correlated with
3 bacterial taxa in the RW group and 1 (Streptococcus) in both
groups. After FDR correction, none of these correlations were
significant.

Changes in predicted microbial pathways

The intervention effects on predicted microbial pathways were
investigated. Between the WGW and the RW interventions,
6 predicted pathways were significantly different over time
(Table 4), namely hexitol degradation, pantothenate and
coenzyme A biosynthesis, acetyl-CoA fermentation to butyrate
II, pyruvate fermentation to acetone, aromatic biogenic amine
degradation, and l-alanine biosynthesis. Subjects in both groups
displayed a variation in response over time for the significantly
different predicted pathways (Figure 5). Within the WGW
group, acetyl-CoA fermentation to butyrate II was significantly
increased (P = 0.017). Within the RW group, a second pathway
related to fermentation was predicted to be decreased, namely
pyruvate fermentation to acetate and lactate II (P = 0.049; Table
4).
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FIGURE 3 Fecal bacterial taxa at the genus level at baseline and after the 12-wk RW or WGW intervention (end) that were
found to be significantly different between the groups in middle-aged overweight and obese adults. The relative abundances of (A)
Ruminococcaceae_NK4A214_group; (B) Ruminococcaceae_UCG-014; (C) Lachnospiraceae_UCG-008; and (D) Ruminiclostridium_9 are shown.
Data are presented as group mean (the squared shape), n = 16 (RW) or n = 21 (WGW), and the width of the colored shapes indicates the
sample density. Individual paired samples are connected by a line. RW, refined wheat; WGW, whole grain wheat.

Because changes in predicted fermentation pathways were
found, we examined the effect of the interventions on selected
genes involved in SCFA production (Supplemental Table 6). No
significant differences in changes of these predicted genes were
observed over time between groups, but butyrate kinase was
significantly increased within the WGW group (P = 0.038), and
phosphate acetyltransferase was significantly decreased within
the RW group (P = 0.021). Overall, WGW intervention showed
a trend toward increased predicted fermentation pathways by
the microbiota, whereas RW intervention showed opposite
effects.

Discussion

We investigated the effects of 12-wk consumption of RW
or WGW products on the gut microbiota composition and
predicted microbiota functional pathways in men and women
with overweight or obesity. We found significant differences
between the WGW and RW intervention for a number of
bacterial taxa from carbohydrate-degrading families and on
predicted fermentation pathways, with a trend toward increased
fermentation to butyrate within the WGW group, and a

trend toward decreased fermentation within the RW group
(a graphical overview is provided in Supplemental Figure 6).
Although WGW consumption is already quite high in The
Netherlands, we provided an intervention with 98 g/d WGW,
which was higher than the mean habitual WG intake at baseline
of participants in both the RW and WGW groups, of 60.1 and
54.4 g/d WG, respectively.

Even though the difference in fiber between the WGW
and RW intervention was 10 g/d, we observed only subtle
differences between intervention groups over time with
respect to microbiota composition and functionality, and
no effect on stool consistency. Microbial diversity within
samples as calculated previously by the Shannon Index was
decreased after RW intervention in Schutte et al. (7), but we
did not find a significant difference in microbial diversity
changes between groups in a subset of study participants with
the phylogenetic diversity index, which takes into account
phylogenetic relatedness between bacteria. Twelve weeks
of a WGW intervention increased relative abundances of
Ruminiclostridium_9, Ruminococcaceae_NK4A214_group,
and Ruminococcaceae_UCG-014, and decreased
Lachnospiraceae_UCG-008, whereas a 12-wk RW intervention
decreased abundance, without significant effects within
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FIGURE 4 Fecal bacterial taxa at the genus level that were found to be significantly correlated with IHTGs at baseline in middle-aged overweight
and obese adults. The relative abundances of (A) Roseburia; (B) Ruminococcus_2; (C) Faecalibacterium; (D) Ruminococcaceae_UCG-010; (E)
Ruminococcaceae_UCG-005; and (F) Akkermansia are shown, fitted with a linear regression model with a 95% CI. Noncorrected P values are
shown. Data of n = 35 participants are shown, who had both microbiota and IHTG data at baseline available. IHTG, intrahepatic triglyceride.

the groups. Ruminococcaceae genera have previously
been shown to increase after a resistant starch or
nonstarch-polysaccharide diet high in wheat bran mainly
comprised of hemicellulose (42, 43). Members of the
Ruminococcaceae can degrade cellulose and hemicellulose
fibers (44–46), also present in WGW, whereas members of the
Lachnospiraceae are known to ferment a wide variety of fibers
(44, 46). In line with our results, Vuholm et al. (47) found an
increase in an unassigned genus of the family Ruminococcaceae
after 6 wk of WGW consumption, in healthy overweight
females.

We found the change in relative abundance of Ru-
minococcaceae_NK4A214_group and the intervention-induced
change in liver fat correlated in both groups. Several studies
showed that Ruminococcaceae was lower in the feces of
NAFLD patients compared with controls (48–50). However,
in this study we found a positive correlation between a
change in Ruminococcaceae_NK4A214_group and a change
in liver fat in both intervention groups, although the RW
intervention increased liver fat and decreased abundance
of Ruminococcaceae_NK4A214_group indicating that the
changes relative to each other did not have a strong
correlation. At baseline, however, we found a positive cor-
relation between liver fat and Ruminococcaceae_UCG-010,
and Ruminococcaceae_UCG-005. We could not identify any
human trials involving these specific bacteria in relation to
liver fat. As in many previous dietary trials, the microbiota
response to diet was subject-dependent. The microbiota at

the start of intervention of any individual can determine the
magnitude of response upon dietary changes (43). Korem
et al. (51) found that the gut microbiota composition was
person-specific and generally resilient to bread interventions,
but their intervention lasted only 1 wk whereas our study
encompassed a 12-wk intervention. In contrast to previous
findings (17, 18), WGW consumption did not increase Bifi-
dobacterium and Lactobacillus in our study. This discrepancy
could be partly explained by differences in the fermentable
fiber composition and fractions in the intervention products.
For instance, fructans can have prebiotic activity by inducing
specific changes in the composition and/or activity of the
microbiota such as Bifidobacterium and Lactobacillus (52). It
has previously been described that the concentration of fructans
differs in WGW (53).

Ruminococcaceae and Lachnospiraceae, together with Bac-
teroidetes, encompass ∼85% of the total butyrate-producing
potential of the gut microbiota (54). Changes in bacterial taxa
within the Ruminococcaceae might point toward an effect on
carbohydrate breakdown, which could fit the predicted changes
in SCFA fermentation pathways in feces. WGW increased
the predicted relative abundance of fermentation to butyrate,
whereas RW lowered the fermentation to butyrate as well
as fermentation to acetone. The latter pathway can lead
to formation of products such as acetone, butanol, ethanol,
acetate, and butyrate. Moreover, a decreased fermentation
to acetate and lactate was found within the RW group.
Lactate-utilizing bacteria can use acetate and lactate for the

Effects of whole grains on the human gut microbiota 497

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/151/3/491/5981796 by guest on 06 April 2021



TABLE 3 The significant correlations between changes in fecal bacterial abundances at the genus level, and changes in liver health
parameters after 12 wk of an RW or WGW intervention in middle-aged overweight and obese adults1

RW WGW

Taxa (� 12 wk) Spearman ρ P value FDR P value Spearman ρ P value FDR P value

IHTG (� 12 wk)
g_Ruminococcaceae_NK4A214_group 0.67 0.024 NS2 0.54 0.026 NS

ALT (� 12 wk)
g_Bacteroides 0.30 NS NS − 0.44 0.048 NS
g_Bifidobacterium 0.77 0.001 NS − 0.14 NS NS
g_Faecalibacterium − 0.11 NS NS − 0.46 0.037 NS

g_Lachnoclostridium 0.60 0.014 NS − 0.20 NS NS
AST (� 12 wk)

g_[Eubacterium]_coprostanoligenes_group 0.53 0.034 NS 0.065 NS NS
g_Butyricicoccus 0.51 0.045 NS − 0.22 NS NS
g_Lachnoclostridium 0.51 0.045 NS − 0.48 0.027 NS
g_Lachnospiraceae_NK4A136_group 0.53 0.036 NS 0.35 NS NS
g_Ruminiclostridium_6 0.10 NS NS 0.46 0.036 NS

CRP (� 12 wk)
g_Butyricicoccus − 0.58 0.025 NS − 0.052 NS NS
g_Lachnospiraceae_NK4A136_group − 0.68 0.007 NS 0.36 NS NS
g_Parabacteroides 0.54 0.041 NS 0.25 NS NS
g_Uncultured − 0.59 0.023 NS − 0.16 NS NS

GGT (� 12 wk)
g_[Eubacterium]_coprostanoligenes_group − 0.21 NS NS 0.50 0.021 NS
g_Erysipelotrichaceae_UCG-003 0.55 0.028 NS − 0.071 NS NS

β-Hydroxybutyrate (� 12 wk)
g_Erysipelotrichaceae_UCG-003 − 0.027 NS NS 0.67 0.002 NS
g_Lachnospiraceae_ND3007_group − 0.10 NS NS 0.48 0.036 NS
g_Ruminococcus_2 0.13 NS NS 0.46 0.049 NS
g_Streptococcus 0.61 0.011 NS 0.48 0.040 NS

SAA (� 12 wk)
g_Anaerostipes − 0.23 NS NS 0.52 0.018 NS
g_Blautia − 0.29 NS NS 0.53 0.015 NS
g_Butyricicoccus − 0.46 NS NS 0.46 0.036 NS

1Values represent the Spearman ρ correlation coefficients, n = 16 (RW) or n = 21 (WGW). ALT, alanine transaminase; AST, aspartate transaminase; CRP, C-reactive protein;
FDR, false discovery rate; GGT, γ -glutamyltransferase; IHTG, intrahepatic triglyceride; RW, refined wheat; SAA, serum amyloid A; WGW, whole grain wheat; �, differential
change over time.
2NS, nonsignificant: P value > 0.05.

production of butyrate (55), indicating that a lowered capacity
to produce acetate and lactate potentially leads to a reduced
butyrate production. Despite the run-in period, the RW group
showed a higher relative abundance for the predicted pyruvate
fermentation to acetone pathway and for Ruminiclostridium_9
compared with the WGW group at baseline. Both were
decreased after RW and increased after WGW. Similarly, a
higher abundance of Lachnospiraceae_UCG-008 was observed
in the RW group at baseline, which increased after RW and
decreased after WGW. Therefore, the differential effects on this
pathway and these bacteria between RW or WGW intervention
could have been partly caused by regression to the mean. In
this study, the effects on microbiota and predicted pathways lost
statistical significance after correction for multiple comparisons,
which shows that a 12-wk WGW and RW intervention
induced subtle changes in gut microbiota. This is not surprising
considering the relatively modest modulation of diet, only
altering wheat products.

In line with our finding that WGW increased 2 predicted
fermentation pathways, Vanegas et al. (20) reported increased
concentrations of acetate and total SCFAs in feces after
6 wk of a WG, predominantly wheat, intervention compared
with refined grain in middle-aged adults. Moreover, Vuholm

et al. (47) found that a 6-wk RW intervention decreased
fecal butyrate concentrations when compared with a WGW
intervention in adults with overweight. Additionally, a study
in rats showed that a 6-wk WGW intervention increased
total SCFAs in colonic content and butyrate in cecum content
compared with RW intervention (56). Resistant starch and
nonstarch polysaccharide inside the whole-grain matrix were
associated with increased production of metabolites (57).
Overall, incorporating feasible doses of WGW in the diet
favorably affects the gut microbiota phenotype as indicated by
the increased predicted potential to produce butyrate. These
findings can be explained by the decreased fiber content in the
RW intervention products (12, 13), although only a fraction of
the 17.6 g/d fiber in the WGW intervention is fermentable. The
fermentability of fibers in WGW is relatively low, for instance,
when compared with fibers in WG rye (58, 59). Eriksen et al.
(60) showed that WG rye resulted in increased Bifidobacterium,
known to be stimulated by some fermentable fibers, in
men with the metabolic syndrome, whereas WG wheat did
not.

The reduced potential to produce SCFAs after RW interven-
tion can have implications for health. For instance, SCFAs can
decrease intestinal inflammation, as demonstrated by human
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and animal in vivo studies (61). In addition to local health
effects, SCFAs might also influence liver fat through stimulation
of hepatic fat oxidation via activation of AMP-activated protein
kinase (28, 29). As published previously, in this trial, the
12-wk RW intervention significantly increased liver fat, whereas
liver fat did not change in the WGW group (7). Therefore,
we hypothesized that RW might increase liver fat content
indirectly via decreased cereal fiber fermentation and SCFA
production. We found that butyrate-producing (62) Roseburia
positively correlated with liver fat at baseline. In line with
our data, the study of Raman et al. (48) showed a significant
overrepresentation of Roseburia in the microbiota of NAFLD
patients. In contrast, Roseburia was decreased in nonobese
NAFLD patients compared with healthy controls, and this
depletion was linked to increased plasma ALT in 126 nonobese
subjects (63). Several of our correlations of other bacteria
with liver fat at baseline were in line with previous findings
on bacterial composition in NAFLD patients compared with
controls (64, 65). This was the case for Ruminococcus_2 (64)
and Akkermansia (65), but for Faecalibacterium opposite effects
were observed (50). Although a previous study showed that
ALT and GGT were correlated with changes in fecal bacteria
over time in a prospective, cross-sectional study (63), we could
not confirm these findings in our correlation analysis. Although
correlations do not provide information on causality, these
outcomes might be of interest for future studies into the relation
between WGW, RW, and liver health.

A limitation of our study is the analysis of microbiota
functional metagenomes by PICRUSt2 based on the 16S
rRNA sequencing data, instead of using more direct methods,
such as metagenomics. Although the quality control indicated
that closely related reference genomes were available for the
bacteria present in this dataset, indicative for reliable pathway
predictions, PICRUSt is subject to inherit biases. Another
restraint of our study is that the SCFA concentrations in feces
were not measured. Therefore, the predicted pathway findings
as well as the potential role of SCFAs for liver health could not
be validated in this study. Another limitation of our study is the
small sample size of 37 subjects. Because the study was powered
to detect changes in plasma cholesterol concentrations and
participants had to be excluded due to missing fecal samples or
antibiotic use, we might have missed the effects of either RW or
WGW on the microbiota or predicted microbiota functionality.

The strengths of our study include the long study duration
of 16 wk in total, and the good compliance with the diet
based upon alkylresorcinol data (7). Therefore, our findings
could show more long-term changes rather than acute effects.
Comparisons with outcomes of existing literature about WGW,
RW, and microbiota composition revealed few similarities with
our trial (17, 18, 19, 24, 47). Some previous trials could have
missed the subtle effects of WGW and RW on the microbiota
because only a few selected bacterial taxa were targeted in these
studies via, for example, qPCR (17, 18, 24), whereas the fecal
microbiota is a highly complex community with multiple species
present. The use of 16S rRNA sequencing provided important
insights into the effect of WGW and RW on microbiota as
a whole, as well as effects on predicted microbial community
functionality.

In conclusion, we demonstrated that a 12-wk 98 g/d WGW
intervention increased relative abundances of a number of
bacterial taxa that are involved in carbohydrate degradation
and SCFA production and predicted fermentation pathways,
whereas an RW intervention decreased abundance of these
bacteria or predicted fermentation capacity, pointing toward a
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FIGURE 5 Predicted fecal microbial pathway relative abundance at baseline and after 12 wk of RW or WGW intervention that were found to
be significantly different between the groups in middle-aged overweight and obese adults. The relative abundances of the predicted pathways
(A) superpathway of hexitol degradation; (B) pantothenate and coenzyme A biosynthesis; (C) acetyl-CoA fermentation to butyrate II; (D) pyruvate
fermentation to acetone; (E) aromatic biogenic amine degradation; and (F) L-alanine biosynthesis are shown. Data are presented as group mean
(the squared shape), n = 16 (RW) or n = 21 (WGW), and the width of the colored shapes indicates the sample density. Individual paired samples
are connected by a line. RW, refined wheat; WGW, whole grain wheat.

less healthy gut microbiota phenotype. The difference in fiber
intake during the WGW intervention (17.6 g/d fiber) compared
with the RW intervention (7.2 g/d fiber) likely resulted in
differences in predicted bacterial fermentation capacity. This
may be one of the mechanisms underlying the significant
increases of liver fat observed with RW intervention. Potential
health effects of replacement of RW by WGW via modulation of
the microbiota, and consequent protective effects on metabolic
organs such as the liver, deserve further investigation.
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Supplementary Data 

Minor changes in the composition and function of the gut microbiota during a 12-week whole 
grain wheat or refined wheat intervention correlate with liver fat in overweight and obese adults,  
van Trijp et al., Online Supplementary Material 

Supplemental Methods 

Prediction of functional potential of the microbiota 

PICRUSt2 analysis was performed on the sequencing dataset to predict the microbial gene content. 
Amplicon sequence variants (ASV) were used as input for PICRUSt2, and aligned to reference 
sequences using HMMER software to identify homologous nucleotide sequences using hidden Markov 
models (1). The aligned amplicon sequence variants were placed into a reference tree using phylogenetic 
placement algorithms (EPA-NG) (2) and GAPPA (3). Nearest-sequenced taxon index (NSTI) values for 
each ASV were calculated, which correspond to the branch length of the tree from the placed ASV to 
the nearest reference 16S sequence. The NSTI values default cut-off is 2. For bacteria without available 
genome sequences, the sequenced relative was used as reference. The tree of ASVs and reference 
sequences was combined with information about gene family copy numbers per ASV, to predict the 
gene content per ASV after normalizing by 16S copy number using castor (4). The read depth per ASV 
was divided by the predicted 16S copy numbers to control for variation in 16S copy numbers across 
bacteria. Afterwards, the predicted gene content per ASV was combined with the ASV known 
abundances input to determine gene family abundance per sample. These predicted sample gene family 
profiles were used as input, together with a map of gene families to pathways, to infer pathway 
abundances using a minimal set of pathways (MinPath, (5)). Per sample, predicted pathways, EC 
numbers, and KEGG orthology (KO) metagenomes were reconstructed for the dataset. Finally, EC 
numbers are re-grouped to MetaCyc reactions to predict pathway abundances and coverages (6). For 
more information about the PICRUSt2 workflow we refer to the PICRUSt website: 
https://github.com/picrust/picrust2. 

Markers for short chain fatty acid production 

As markers for acetate production, the enzymes acetate kinase (K00925) (7), phosphate acetyltransferase 
(K13788), and putative phosphotransacetylase (K15024) were selected. As markers for propionate 
production, methylmalonyl-CoA decarboxylase (K11264), propionaldehyde dehydrogenase (K13922), 
propionate CoA-transferase (K01026) (8), and propionyl-CoA synthetase (K01908) were selected. As 
markers for butyrate production, butyrate kinase (K00929) and butyryl-coA:acetate CoA-transferase (α 
subunit: K01034, β subunit: K01035) were selected (9, 10). For lactate production, L-lactate 
dehydrogenase (K00016) and D-lactate dehydrogenase (K03778) were selected (11). 

Supplemental Results 

Technical information about the microbiota and predicted pathway datasets 

The number of detected ASVs did not increase with higher sample reads (Supplemental Figure 3A). 
Correlation coefficients of the 23 technical duplicates were 0.97±0.027 (Supplemental Figure 3B), and 
the mean number of reads per sample was 37399±10216. The microbiota functionality predictions were 
reliable, because the weighted NSTI for the samples in the dataset was 0.089±0.048 (Supplemental 
Figure 3C), without differences between intervention groups (Supplemental Figure 3D). This suggests 
that closely related reference genomes were available for the ASVs in this dataset. Correlation 
coefficients of the predicted gene content in the 23 technical duplicate pairs were 0.99±0.0013 
(Supplemental Figure 3E).  
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Supplementary Data 

 

Supplemental Figure 1. The study design of the randomized, controlled, double-blind parallel trial. 
After 4 weeks run-in with RW products, subjects (n=50) were randomly assigned to the WGW (n=25) 
or RW (n=25) intervention group. Before and after the intervention hepatic lipids were measured, and 
feces and blood was collected. Subjects weekly recorded stool consistency using The Bristol Stool chart. 

  



Supplementary Data 

Supplemental Figure 2. The stool consistency of middle-aged overweight and obese adults during the 
run-in period and the 12 week of RW or WGW intervention. Data is presented as group means ± SD, 
n=20 (RW) or n=22 (WGW), after exclusion of antibiotic users. The Bristol Stool Chart score describes 
7 types of stools ranging from 1: hard/lumpy to 7: watery without solid pieces. RW, refined wheat; 
WGW, whole grain wheat. 

  



Supplementary Data 

 

Supplemental Figure 3. The quality characteristics of the ASV and PICRUSt2 datasets. (a) The 
rarefaction curve of the sequenced samples; (b) the correlation coefficients of the relative microbiota 
composition on genus level between the samples within one technical replicate pair; (c) the NSTI score 
and the frequency of all ASVs; (d) the correlation coefficients of predicted pathways between the 
samples within one technical replicate pair; and (e) the weighted NSTI score at baseline and after the 12 
week of intervention (end) in the RW and WGW group. Data in Figure B, D, and E is presented through 
their quartiles, n=16 (RW) or n=21 (WGW). ASV, amplicon sequence variant; NSTI, nearest sequenced 
taxon index; RW, refined wheat; WGW, whole grain wheat.  
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Supplemental Figure 4. The relative microbiota abundance of the top 20 taxa on genus level at baseline 
for every middle-aged overweight or obese adult, and the group means for the RW (n=16) and WGW 
(n=21) group. RW, refined wheat; WGW, whole grain wheat.  
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Supplemental Figure 5. Correlations between changes in bacteria abundances at genus level, and 
changes in liver health markers upon 12 weeks of RW or WGW intervention in middle-aged overweight 
and obese adults. Colors represent the Spearman rho correlation coefficients, n=16 (RW) or n=21 
(WGW), with positive correlations in red and negative correlations in blue. *P-value<0.05, **P-
value<0.01, ***P-value<0.001. ALAT, alanine transaminase; ASAT, aspartate transaminase; CRP, C-
reactive protein; GGT, gamma-glutamyltransferase; b-HBA, beta-hydroxybutyrate; IHTG, intrahepatic 
triglycerides; RW, refined wheat; SAA, serum amyloid A; WGW, whole grain wheat.  
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Supplemental Table 1. Nutritional composition of the RW and WGW intervention products1. 

 Bread RTEC  
RW WGW RW       WGW 

Energy, kJ  1066 983 1586 1524 
Moisture, g  35.4 38.7 3.4 3.7 
Ash, g  1.3 1.8 1.8 2.5 
Carbohydrates, g  49.3 39.2 78.5 69.7 
Fiber2, g  3.3 6.8 3.9 10.8 
Protein, g  9.1 11.3 10.9 11.2 
Fat, g  1.6 2.1 1.5 2.1 
Sodium, mg  0.45 0.46 0.51 0.49 
Iron, mg  0.92 2.1 1.3 3.9 
Magnesium, mg  19 62 31 120 
Zinc, mg  0.67 1.5 0.89 2.4 
Folate, μg  17 28 14 38 
Vitamin B1, mg  0.06 0.17 <0.1 <0.1 
Vitamin B3, mg  0.47 0.76 1.1 2.6 
Vitamin B6, mg  <0.1 <0.1 <0.1 <0.1 

1Values are per 100 g of product. 2Determined using AOAC985.29. Reproduced with permission from 
Schutte et al. (12). RTEC, ready-to-eat cereal; RW, refined wheat; WGW, whole-grain wheat. 
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Supplemental Table 2. Habitual daily intake of (macro)nutrients and whole grains of middle-aged 
overweight and obese subjects in the RW or WGW group1. 

 Nutrients (g/d) RW group WGW group  P-value 
Megajoules, MJ/day 10.3 ± 2.36 10.5 ± 2.89 0.80 

Total carbohydrates2 246 ± 59.6 279 ± 85.5 0.19 
Mono- and disaccharides 101 ± 29.8 127 ± 41.8 0.04 
Polysaccharides 145 ± 35.8 152 ± 57.8 0.64 
Fiber3 25.4 ± 6.50 26.3 ± 7.20 0.68 
Whole grains 60.1 ± 59.2 54.4 ± 38.0 0.73 
Total protein 95.9 ± 18.4 92.5 ± 18.0 0.58 
Protein from plant sources 40.6 ± 10.6 39.5 ± 11.5 0.77 
Protein from animal sources 55.2 ± 10.5 53.0 ± 10.3 0.52 
Total fat 105 ± 32.1 101 ± 34.5 0.70 
Saturated fatty acids 38.1 ± 12.5 37.5 ± 12.1 0.89 
Monounsaturated fatty acids 37.4 ± 11.7 35.1 ± 11.9 0.56 
Polyunsaturated fatty acids 20.9 ± 8.30 19.7 ± 9.50 0.70 
Linoleic acid 17.5 ± 7.30 16.2 ± 7.80 0.60 
Trans fatty acids 1.67 ± 0.577 1.82 ± 0.688 0.51 
Cholesterol 285 ± 77.6 242 ± 106 0.18 
Alcohol4 12.5 ± 11.2 7.60 ± 9.90 0.08 

1Values are presented as group means ± SD, n=16 (RW) or n=21 (WGW), 2Dietary fiber is not included 
in the total carbohydrates, 3Include high molecular weight fibers (e.g. cellulose, resistant starch, cereal 
β-glucan, guar gum, and certain xylans), insoluble fibers in water (e.g. cellulose, resistant starch, and 
certain xylans), fibers soluble in water and precipitated by 78% ethanol (e.g. cereal β-glucan, guar gum, 
and certain xylans). Excluded are low molecular weight fibers (e.g. fructan, GOS, Polydextrose®, and 
resistant maltodextrins), and non-resistant starch, 4Non-parametric distribution, evaluated with the 
Mann-Whitney U test. RW, refined wheat; WGW, whole grain wheat.  
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Supplemental Table 3. Liver health parameters at baseline and change after 12 weeks of RW or WGW 
intervention in middle-aged overweight and obese adults1 in a subset of the total study population2. 

  RW 
group  

 WGW group   Within  
RW 

Within 
WGW 

Group 
comparison 

 Baseline Change after 
12 wk 

Baseline Change 
after 12 wk 

P-value P-value P-value 

IHTG, % 3.6 ± 2.5 1.8 ± 1.6 5.5 ± 6.4 -0.26 ± 3.0 0.003 0.93 0.033 
CRP, µg/mL  2.9 ± 3.1 0.20 ± 1.9 4.8 ± 7.3 -3.0 ± 6.7 0.49 0.038 0.06 
SAA, µg/mL  2.1 ± 1.9 0.70 ± 2.2 7.2 ± 16 -5.7 ± 15 0.64 0.016 0.042 
GGT, U/L 19 ± 13 0.82 ± 4.9 21 ± 13 -0.43 ± 4.9 0.47 0.77 0.56 
AST, U/L  19 ± 5.6 -0.18 ± 4.0 19 ± 4.7 -0.91 ± 4.2 0.98 0.27 0.57 
ALT, U/L 31 ± 9.4 0.088 ± 9.3 36 ± 12 -2.8 ± 8.3 0.78 0.24 0.39 
Beta-
hydroxybutyrate, 
mmol/L 

0.30 ± 
0.20  

-0.058 ± 0.36 0.20 ± 
0.20 

0.11 ± 0.17 0.06 0.012 0.003 

1Values are presented as group means ± SD, n=16 (RW) or n=21 (WGW), and for IHTG n=11 (RW) or 
n=17 (WGW). 2The total study population is described in this reference: Schutte S, et al. A 12 week 
whole grain wheat intervention protects against hepatic fat; the Graandioos study, a randomized trial in 
overweight subjects. Am J Clin Nutr. 2018;108:1264–74. ALT, alanine transaminase; AST, aspartate 
transaminase; CRP, C-reactive protein; GGT, gamma-glutamyltransferase; IHTG, intrahepatic 
triglycerides; RW, refined wheat; SAA, serum amyloid A; WGW, whole grain wheat. 
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Supplemental Table 4. Gut bacteria and predicated pathways that were found to be significantly different between the RW and WGW group at baseline in 
middle-aged overweight and obese adults1. 

  RW 
group 

  WGW 
group 

  Group comparison 

  Number 
of 
subjects 
in which 
detected 
(% of 
total) 

Relative 
abundance 
at baseline 
(%) 

Number 
of 
subjects 
in which 
detected 
(% of 
total) 

Relative 
abundance 
at baseline 
(%) 

P-value FDR  
P-value 

 Genus          
 

 Dialister 5 (31) 0.40 ± 0.88 13 (62) 1.5 ± 2.2 0.046 NS 
 [Eubacterium]_hallii_group 16 (100) 2.2 ± 1.0 18 (86) 1.4 ± 0.97 0.038 NS 
[Eubacterium]_coprostanoligenes_group 16 (100) 2.6 ± 2.7 21 (100) 1.8 ± 2.3 0.047 NS 
Ruminiclostridium_9 10 (63) 0.20 ± 0.23 7 (33) 0.065 ± 0.11 0.047 NS 
 Lachnospiraceae_UCG-008 0 (0) 0.00 ± 0.00 10 (48) 0.10 ± 0.12 0.002 NS 
 Lachnospiraceae_NK4A136_group 16 (100) 0.65 ± 0.44 20 (85) 1.9 ± 1.9 0.035 NS 
f__Porphyromonadaceae_uncultured genus 3 (19) 0.051 ± 0.14 0 (0) 0.00 ± 0.00 0.045 NS 
Predicted pathways           
L-arginine degradation 16 (100) 0.076 ± 0.044 21 (100) 0.060 ± 0.041 0.020 NS 

superpathway of adenosylcobalamin salvage from 
cobinamide I 

16 (100) 0.69 ± 0.077 21 (100) 0.73 ± 0.10 
 

0.040 
 

NS 

superpathway of tetrahydrofolate biosynthesis and 
salvage 

16 (100) 0.57 ± 0.052 21 (100) 0.53 ± 0.050 0.044 NS 

heterolactic fermentation 16 (100) 0.11 ± 0.044 21 (100) 0.088 ± 0.043 0.003 NS 
Glucose fermentation to lactate II/Bifidobacterium shunt 16 (100) 0.15 ± 0.066 21 (100) 0.12 ± 0.062 0.011 NS 

ppGpp biosynthesis 16 (100) 0.016 ± 0.022 21 (100) 0.019 ± 0.041 0.050 NS 
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adenosylcobalamin biosynthesis from 
adenosylcobinamide-GDP I 

16 (100) 
 

0.66 ± 0.079 
 

21 (100) 
 

0.70 ± 0.10 
 

0.049 
 

NS 

superpathway of adenosylcobalamin salvage from 
cobinamide II 

16 (100) 
 

0.67 ± 0.080 
 

21 (100) 
 

0.70 ± 0.10 
 

0.041 NS 

pyruvate fermentation to acetone 16 (100) 
 

0.28 ± 0.12 
 

21 (100) 
 

0.20 ± 0.087 
 

0.012 NS 

UDP-2,3-diacetamido-2,3-dideoxy-α-D-mannuronate 
biosynthesis 

12 (75) 
 

0.010 ± 0.013 
 

8 (38) 
 

0.0015 ± 
0.0024 
 

0.032 NS 

guanosine ribonucleotides de novo biosynthesis 16 (100) 0.83 ± 0.057 21 (100) 0.82 ± 0.062 0.033 NS 
1Values are presented as group means ± SD, or as the number of subjects in which the bacteria was detected and the percentage of total, n=16 (RW) or n=21 
(WGW). 2NS = P-value>0.05. FDR, false discovery rate; RW, refined wheat; WGW, whole grain wheat. 
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Supplemental Table 5. The number of middle-aged obese or overweight subjects in which the significant gut bacteria were detected at baseline and after 12 
weeks of RW or WGW intervention1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1Values are presented as the number of subjects in which the bacteria was detected and the percentage of total, n=16 (RW) or n=21 (WGW). RW, refined wheat; 
WGW, whole grain wheat. 

  RW group  WGW group  
Genus Baseline  

 
Number of 
subjects in 
which detected 
(% of total)  

At 12 weeks  
 
Number of 
subjects in 
which detected 
(% of total) 

Baseline  
 
Number of 
subjects in which 
detected  
(% of total) 

At 12 weeks 
 
Number of 
subjects in which 
detected 
(% of total) 

f_Ruminococcaceae; 
g_Ruminiclostridium_9 

10 (63) 6 (38) 7 (33) 10 (48) 

f_Ruminococcaceae; 
g_Ruminococcaceae_NK4A214_group 

13 (81) 9 (56) 16 (76) 12 (57) 

f_Lachnospiraceae; 
g_Lachnospiraceae_UCG-008 

0 (0) 3 (19) 10 (48) 7 (33) 

f_Ruminococcaceae; 
g__Ruminococcaceae_UCG-014 

14 (88) 12 (75) 18 (86) 19 (90) 

f_Tannerellaceae; g_Parabacteroides 12 (75) 14 (88) 21 (100) 15 (71) 
f_Lachnospiraceae; g_Dorea 16 (100) 15 (94) 18 (86) 21 (100) 
f_Lachnospiraceae; 
g__[Eubacterium]_ventriosum_group 

8 (50) 3 (19) 13 (62) 12 (57) 

f__Peptostreptococcaceae_g__unknown 14 (88) 8 (50) 14 (67) 9 (43) 
f_Ruminococcaceae; g_Ruminococcus_2 14 (88) 13 (81) 21 (100) 17 (81) 
f_Ruminococcaceae; g_Subdoligranulum 16 (100) 16 (100) 21 (100) 21 (100) 
f_Burkholderiaceae; g_Sutterella 7 (44) 8 (50) 8 (38) 12 (57) 
f_Ruminococcaceae; 
g__Ruminococcaceae_UCG-005 

14 (88) 13 (81) 17 (81) 20 (95) 
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Supplemental Table 6. The selected predicted genes involved in SCFA production at baseline and after 12 weeks of RW or WGW intervention in the feces of 
in middle-aged overweight and obese adults1. 

  
RW group  WGW group  Within  

RW 
Within 
WGW 

Group 
comparison 

Microbial predicted 
gene  

KO 
number 

Baseline 
relative 
abundance 
(%) 

Δ Relative 
abundance 
after 12wk 
(%) 

Baseline 
relative 
abundance 
(%) 

Δ Relative 
abundance  
after 12wk 
(%) 

P-value2 P-value2  P-value2 

Acetate production 
Acetate kinase  K00925 7.95E-02 ± 

4.28E-03 
-1.09E-03 ± 
3.61E-03 

7.88E-02 ± 
4.06E-03 

-3.42E-04 ± 
4.11E-03 

0.35 
 

0.68 
 

0.39 
 

Phosphate 
acetyltransferase  

K13788 1.48E-03 ± 
1.38E-03 

-1.76E-04 ± 
1.71E-03 

1.50E-03 ± 
1.92E-03 

1.50E-03 ± 
1.59E-03 

0.021 
 

0.29 
 

0.41 
 

Putative 
phosphotransacetylase  

K15024 3.13E-02 ± 
7.70E-03 

-2.52E-03 ± 
8.59E-03 

3.28E-02 ± 
7.53E-03 

-1.96E-03 ± 
7.89E-03 

0.56 
 

0.71 
 

0.66 
 

Propionate production 
Propionyl-coA 
synthetase 

K01908 5.01E-04 ± 
9.66E-04 

1.16E-04 ± 
1.27E-03 

6.42E-04 ± 
1.51E-03 

1.37E-04 ± 
2.13E-03 

0.17 
 

0.96 
 

0.27 
 

Propionate coA-
transferase  

K01026 1.15E-02 ± 
4.86E-03 

-1.81E-03 ± 
4.66E-03 

9.04E-03 ± 
3.42E-03 

9.34E-04 ± 
4.39E-03 

0.63 
 

0.37 
 

0.37 
 

Propionaldehyde 
dehydrogenase  

K13922 6.44E-03 ± 
3.60E-03 

-1.75E-03 ± 
4.49E-03 

5.58E-03 ± 
3.15E-03 

-6.24E-04 ± 
2.82E-03 

0.60 
 

0.66 
 

0.96 
 

Methylmalonyl-CoA 
decarboxylase  

K11264 4.65E-04 ± 
9.55E-04 

-6.56E+01 ± 
1.18E-03 

6.19E-04 ± 
1.48E-03 

6.19E-04 ± 
2.06E-03 

0.09 
 

0.51 
 

0.16 
 

Butyrate production 
Butyrate kinase  K00929 1.80E-02 ± 

7.75E-03 
2.18E-03 ± 
8.02E-03 

1.61E-02 ± 
4.84E-03 

1.49E-03 ± 
7.25E-03 

0.71 
 

0.038 
 

0.96 
 

Acetate CoA-
transferase α subunit 

K01034 9.51E-03 ± 
4.65E-03 

-1.35E-03 ± 
4.63E-03 

6.45E-03 ± 
3.30E-03 

7.53E-04 ± 
2.79E-03 

0.21 
 

1.0 
 

0.75 
 

Acetate CoA-
transferase β subunit  

K01035 9.59E-03 ± 
4.69E-03 

-1.27E-03 ± 
4.70E-03 

6.51E-03 ± 
3.33E-03 

7.66E-04 ± 
2.83E-03 

0.43 
 

1.0 
 

0.59 
 

Lactate production 
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L-lactate 
dehydrogenase  

K00016 7.10E-02 ± 
1.32E-02 

-7.09E-03 ± 
1.24E-02 

6.95E-02 ± 
1.18E-02 

-4.24E-03 ± 
1.26E-02 

0.39 
 

0.81 
 

0.63 
 

D-lactate 
dehydrogenase 

K03778 3.01E-02 ± 
7.56E-03 

-2.63E-03 ± 
8.23E-03 

3.10E-02 ± 
8.73E-03 

3.34E-04 ± 
9.76E-03 

0.96 
 

0.81 
 

0.24 
 

1Values are presented as group means ± SD, n=16 (RW) or n=21 (WGW). 2P-values without FDR correction. KO, KEGG ortholog; RW, refined wheat; 
WGW, whole grain wheat. 
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Supplemental Figure 6. A graphical overview of the main findings in this study. 
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