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ABSTRACT Production of short-chain fatty acids (SCFAs), especially butyrate, in the
gut microbiome is required for optimal health but is frequently limited by the lack
of fermentable fiber in the diet. We attempted to increase butyrate production by
supplementing the diets of 174 healthy young adults for 2 weeks with resistant
starch from potatoes (RPS), resistant starch from maize (RMS), inulin from chicory
root, or an accessible corn starch control. RPS resulted in the greatest increase in to-
tal SCFAs, including butyrate. Although the majority of microbiomes responded to
RPS with increases in the relative abundance of bifidobacteria, those that responded
with an increase in Ruminococcus bromii or Clostridium chartatabidum were more
likely to yield higher butyrate concentrations, especially when their microbiota were
replete with populations of the butyrate-producing species Eubacterium rectale. RMS
and inulin induced different changes in fecal communities, but they did not gener-
ate significant increases in fecal butyrate levels.

IMPORTANCE These results reveal that not all fermentable fibers are equally capa-
ble of stimulating SCFA production, and they highlight the importance of the com-
position of an individual’s microbiota in determining whether or not they respond
to a specific dietary supplement. In particular, R. bromii or C. chartatabidum may be
required for enhanced butyrate production in response to RS. Bifidobacteria, though
proficient at degrading RS and inulin, may not contribute to the butyrogenic effect
of those fermentable fibers in the short term.
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Short-chain fatty acids (SCFAs) are major end products of bacterial fermentation in
the human colon and are known to have wide-ranging impacts on host physiology.

Butyrate in particular is important for maintaining health via regulation of the immune
system (1), maintenance of the epithelial barrier (2, 3), and promotion of satiety
following meals (4). It may be protective against several diseases, including colorectal
cancer (5), inflammatory bowel disease (6), graft-versus-host disease (7), diabetes (8),
and obesity (8, 9). Therefore, stimulating butyrate production by the colonic micro-
biome could be useful for sustaining health and treating diseases.

One strategy for stimulating butyrate production is to supplement the diet with
carbohydrates that are resistant to degradation by human enzymes but can be me-
tabolized by select bacteria in the colon. We previously demonstrated that one such
resistant starch (RS) prepared from potatoes (RPS) could increase average fecal butyrate
in healthy, young adults (10). Others have reported increased butyrate in response to
inulin in humans and resistant starch from maize (RMS) in mice (11, 12). A critical
challenge to these potential therapies is the variable responses between individuals,
likely influenced by differences in the composition of their gut microbiota. To capture
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this variability, large numbers of subjects are required. We analyzed samples from 174
university students who consented to participate in and then successfully completed
this short-term interventional study. This young cohort provided a wide diversity of gut
communities without the additional complications of chronic health conditions such as
obesity, type 2 diabetes, or cardiovascular disease that are related to altered micro-
biome structure and function (13, 14). We did not ask the participants to make changes
to their diets other than taking the supplements provided, even though we recognize
different diets also have a profound impact on microbiome structure and function. Our
objective was to determine how these different resistant polysaccharides affected the
concentrations of SCFAs when added to “normal” diets, not just under one dietary
regimen. With this number of participants, we were able to evaluate three different
resistant polysaccharides and an amylase-sensitive polysaccharide as a negative con-
trol.

Understanding the butyrogenic effect of these supplements and specific gut bac-
teria is important for designing more broadly effective therapies and predicting which
individuals are likely to benefit from them. More generally, defining metabolic inter-
actions among gut microbes enhances our understanding of the assembly, mainte-
nance, and outputs from the gut microbiome.

Identifying butyrogenic configurations of the microbiome is challenging because
several different bacteria (or combinations of bacteria) may be involved in the multistep
process. Many bacteria in the colon are involved in the degradation of dietary fiber, the
complex mixture of plant polysaccharides that is not susceptible to host enzymes (15,
16). However, many of these bacteria are specialists, attacking specific bonds in specific
types of polymers (17–19). Only a limited number of gut bacteria may be able to
degrade any given resistant polysaccharide that is used as a dietary supplement.
Primary degraders depolymerize specific polysaccharides to mono-, di-, and oligosac-
charides that they can take up and ferment themselves to acidic end products such as
acetate or lactate (20). Their selective growth on the dietary supplement should result
in a higher relative abundance in fecal communities. However, most resistant starch
degraders are not among known butyrate producers (19, 21). Thus, for these supple-
ments to stimulate butyrate production, the activities of additional organisms would be
required. These secondary fermenters capture degradation and fermentation products
from primary degraders and metabolize them into new molecules, including butyrate
(Fig. 1). However, if primary degraders use the supplements efficiently, only a fraction
of the carbon and energy they contain may become available to the secondary
fermenters. Therefore, increases in the relative abundance of butyrate producers may
be more difficult to detect, but their metabolic activity could still be evidenced by an
increase in fecal butyrate.

Candidates for performing one or more of the steps in Fig. 1 in vivo have already
been identified by their metabolic capabilities in vitro. For example, Ruminococcus
bromii and Bifidobacterium adolescentis have been shown to degrade resistant starches
(22). There have been claims that other species degrade resistant starches, but they are
less compelling because they either involved starch preparations that could include
sensitive as well as resistant fractions (23) or because the evidence was indirect (e.g.,
binding to starch granules [24]) or the presence of DNA sequences encoding amylase-
like GH13 domains (25). The ability to degrade inulin in vitro has been demonstrated for
some species of Bifidobacterium (though not all strains) (26) and by several members of
the Lachnospiraceae and Ruminococcaceae families in the phylum Firmicutes (27). These
two families include most of the known butyrate producers (21). The most abundant of
the butyrate producers in the human gut are Eubacterium rectale and Faecalibacterium
prausnitzii, both of which are capable of degrading inulin and producing butyrate from
it (27). E. rectale has been shown incapable of degrading resistant starches unless they
are heat treated to denature some of the crystal structure (22). Such rigorous tests have
not been reported to our knowledge for F. prausnitzii. In vitro studies have also
demonstrated that combinations of primary degraders and secondary bacteria can
produce butyrate from resistant polysaccharides by cross feeding. For example, Eubac-
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terium rectale can grow on degradation products of RS released by R. bromii, and
several species of Roseburia and F. prausnitzii have been cross-fed by Bifidobacterium
spp. (20, 22, 28, 29). Bifidobacteria also promote butyrate production by another select
group of bacteria because they produce both acetate and lactate via a unique fermen-
tation pathway known as the Bifid shunt (30). This combination of end products can be
converted into butyrate by Eubacterium hallii, Anaerostipes caccae, or Anaerostipes
hadrus (31, 32).

These known degraders and butyrate producers were targeted for evaluation in this
dietary intervention, but we also analyzed the entire community of fecal bacteria to
identify any organisms that had not previously been associated with the metabolism of
these fermentable fibers. We attempted to address four major issues.

1. Do the three resistant polysaccharides stimulate butyrate production in this
population of healthy, young individuals? If so, do they have similar impacts on
butyrate production?

2. Which gut bacteria respond to these dietary additions by increasing in relative
abundance? Can we identify any species that were unexpectedly affected? Are
the same bacteria affected by all three supplements?

3. Can we find any evidence of selectivity, either in the substrates used by primary
degraders or in the butyrate producers they cross feed?

4. Do changes in the relative abundance of primary degraders and butyrate pro-
ducers explain differences in individuals’ butyrate concentrations?

FIG 1 Proposed model of metabolites and microbes that catalyze the flow of carbon from resistant
polysaccharides to butyrate. There are cultivated strains from the gut microbiome that possess the
metabolic activities proposed for the species listed.
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RESULTS
Effects on short-chain fatty acids. We first examined the impact of each supple-

ment on the concentration of SCFAs in the feces. Both RPS and inulin significantly
increased total SCFA concentrations by 32% and 12%, respectively (both P � 0.001).
Supplementation with RPS increased butyrate concentrations by an average of 29%
(P � 0.001) and acetate by an average of 21% (P � 0.0012 [Table 1]). However, the
response was highly variable between individuals: the median concentration of bu-
tyrate increased in 63% of individuals and was either unchanged or decreased in the
remaining 37%. Although total SCFA concentrations increased with inulin supplemen-
tation, there were no statistically significant changes in individual SCFAs. There were
also no significant changes in the concentration of any of the SCFAs in the groups
whose diet was supplemented with either RMS or accessible starch (Table 1). Further-
more, there were no significant differences in SCFA concentrations between the control
group that consumed 20 g of accessible starch compared to the group that consumed
40 g of accessible starch.

Effects on bacterial communities. We characterized changes to the gut microbiota
using 16S rRNA gene sequencing. We chose not to cluster sequences into operational
taxonomic units (OTUs) after discovering that several taxa of interest, with very different
responses to the dietary supplements, would be clustered into a single OTU even at
99% identity. For example, Bifidobacterium longum and Bifidobacterium faecale have
different abilities to degrade RS, but the V4 regions of the 16S rRNA genes in these
species are 99.6% identical. Combining sequences corresponding to these species
masks a biological pattern that is readily apparent when considering the unique
sequences. Unlike OTUs that are calculated de novo with each new data set, unique
sequences also have the benefit of being directly comparable across data sets. Never-
theless, the V4 region of Bifidobacterium is not sufficient to resolve all species within this
genus. Bifidobacterium adolescentis, B. faecale, and B. stercoris have identical V4 regions,
as do B. longum and B. breve. A third group, Bifidobacterium catenulatum, B. pseudo-
catenulatum, and B. kashiwanohense, also share identical V4 regions. For all other
species of interest, a single sequence was identified that was specific to each species.
To avoid analysis of spurious sequences, we limited our analysis to the 500 most
abundant unique sequences, which accounted for 71% of the approximately 70 million
curated sequencing reads. Using this approach, we determined that both the RPS and
inulin significantly altered the overall structure of the community (PERMANOVA, P �

0.001 and P � 0.002, respectively), while the accessible starch and RMS did not (P � 1.0
and P � 0.65, respectively). None of the supplements significantly changed the alpha
diversity, as measured by the inverse Simpson index (P � 0.05).

The most affected bacterial populations. The sequences that changed the most
were identified by the ratio of their relative abundance during supplementation to their

TABLE 1 Fecal SCFA concentrations before and during dietary supplementationa

Groupb

Butyrate Acetate Propionate

Before During
Change
(%)

P
value Before During

Change
(%)

P
value Before During

Change
(%)

P
value

Accessible
starch
(n � 39)

13 � 6.1 15 � 8.3 �13 0.18 41 � 17 41 � 16 0 0.89 9.9 � 6.0 9.3 � 6.5 �6 0.47

Hi-Maize
(n � 43)

9.3 � 4.1 9.7 � 5.6 �5 0.81 37 � 17 33 � 15 �10 0.20 12 � 15 12 � 13 �0.3 0.81

Potato
(n � 43)

13 � 6.0 16 � 7.5 �29 <0.001 48 � 22 58 � 26 �21 0.0012 10 � 7.7 8.6 � 5.3 �16 0.39

Inulin
(n � 49)

11 � 6.0 13 � 7.0 �17 0.14 38 � 18 41 � 20 �8 0.077 11 � 10 13 � 15 �27 0.31

aThe concentrations of fecal SCFAs (in millimoles per kilogram) (mean � standard deviation) before and during dietary supplementation. All P values are based on
repeated measures ANOVA.

bThe groups were given different dietary supplements. Accessible corn starch was given as a control. The number of individuals in each group is given in the
parentheses.
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relative abundance before supplementation (Fig. 2). Most of the sequences that
significantly increased in relative abundance were from species already known to
degrade resistant polysaccharides. RPS increased the relative abundance of B. faecale/
adolescentis/stercoris sequences 6.5-fold (P � 0.001), but there were no significant
changes in any of the other sequences classified in the genus Bifidobacterium (Fig. 2).
RMS resulted in a 2.5-fold increase in the relative abundance of sequences classified as
R. bromii (P � 0.001), but no significant changes in any of those classified as Bifido-
bacterium (Fig. 2; also see Table S1B in the supplemental material). Inulin significantly
increased the relative abundance of each of the four most abundant sequences
assigned to a Bifidobacterium species (Fig. 2, all P � 0.05) and sequences classified as
Anaerostipes hadrus (Fig. 2; also see Table S1C in the supplemental material). No
bacterial populations significantly changed in response to the accessible starch sup-
plement (Fig. 2; also see Table S1D in the supplemental material).

We also noted increases in sequences that were not significant for the population
as a whole but that were dramatic within a subset of individuals (see Table S1A in the
supplemental material). RPS increased the relative abundance of R. bromii sequences in
a subset of individuals (Fig. 3A), but not for the group as a whole (P � 0.72). One of the
most striking increases in a smaller subset was in Seq100, classified as a member of
the Clostridium cluster IV within the family Ruminococcaceae. Clostridium leptum is the
closest cultured relative, but their 16S rRNA V4 regions are only 95% identical. This
Clostridium leptum-related sequence was detected in 11 of the 50 individuals who
consumed RPS, increasing by an average of 10-fold and exceeding 10% relative
abundance in several individuals (Fig. 3A). Another unanticipated increase was in
Seq176 whose V4 region is 98.8% identical to Clostridium chartatabidum, a ruminal
isolate shown to degrade a variety of dietary fibers (33, 34). It was rarely detected
before supplementation, but its relative abundance increased up to 4% relative abun-
dance in 11 of the individuals consuming RPS (Fig. 3A). Although a large fold change
for Seq176 was observed in the accessible starch and Hi-Maize groups (Fig. 3A), it was
limited to one individual in each group. Seq176 reached only 0.03% and 0.14% relative
abundance in those two individuals after starting below the limit of detection.

Associations between butyrate changes and community changes. In individuals
consuming RPS, increases in the relative abundance of sequences attributed to either
R. bromii or C. charatabidum were each associated with an increase in butyrate (P �

0.025 and P � 0.0024, Fig. 3B). On average, there was a 9.1 mmol/kg increase in fecal

FIG 2 Average fold changes in the relative abundance of sequences representing selected primary (1°)
degraders of resistant polysaccharides and secondary (2°) butyrate fermenters in response to dietary
supplements (*, P � 0.05 by paired Wilcoxon test). Seq100 represents an unknown species in the family
Ruminococcaceae, while seq176 is 98.8% identical to Clostridium chartatabidum. Both are inferred to
be primary degraders (dashed bracket) based on the dynamics of their response to dietary
supplements. The bar plot to the right shows the average relative abundance of each species prior
to fiber supplementation.
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butyrate when either R. bromii or C. charatabidum sequences increased in relative
abundance in response to RPS. There was a decrease of 2.1 mmol/kg in individuals in
whom neither sequence increased (Fig. 3C). Furthermore, the presence or absence of
R. bromii prior to RPS supplementation was indicative of whether an individual would
have higher fecal butyrate in response to RPS. Of the 29 individuals with detectable R.
bromii at baseline, 22 (76%) had higher fecal butyrate during RPS supplementation
compared to 5 (36%) of the 14 individuals without detectable R. bromii. The baseline
abundance of C. charatabidum was not associated with a butyrate response, because it
was below the limit of detection (�0.008% abundance) in all but five individuals prior
to supplementation. With greater sequencing depth or a more sensitive assay, it may
be possible to use the presence of these two organisms to predict whether an
individual will respond to RPS with increased butyrate. Increases in either B. faecalis/
adolescentis/stercoris or Clostridium leptum-like Seq100 were not associated with an
increase in butyrate (Fig. 3B).

Partnerships converting polysaccharides to butyrate. Increasing R. bromii was
associated with higher butyrate levels, but butyrate is not a major end product of R.
bromii metabolism (35). Therefore, an increase in R. bromii is not sufficient in itself to
explain the association with higher butyrate concentrations. On the basis of our
working model (Fig. 1), we expected the increase in primary degraders to lead to an
increase in the abundance of butyrate producers (though to a lesser extent because the
primary degraders were presumed to extract most of the nutritional value of the
supplements for themselves). To test this expectation, we correlated the change in

FIG 3 Associations between primary degraders and changes in fecal butyrate concentrations in response to dietary
supplementation with resistant potato starch (RPS). For all panels, darker shades indicate an increase in abundance or
concentration, and lighter shades indicate a decrease or no change. (A) Average relative abundance of putative primary
degraders in each individual before (Bef) and during (Dur) RPS supplementation. (B) Change in fecal butyrate in individuals
grouped on whether a primary degrader increased (Δ � 0) or did not increase (Δ � 0) in relative abundance in response
to RPS supplementation (*, P � 0.05 by t test). (C) Butyrate concentrations for each individual before (circles) and during
(triangles) RPS supplementation. Subjects are sorted by initial butyrate concentration.
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abundance of sequences associated with each of the putative primary degraders with
changes in the abundance of the most common known butyrate producers in our
cohort (Fig. 4). Consistent with our model, change in R. bromii sequences was positively
correlated with the change in abundance of E. rectale sequences (Fig. 4). This obser-
vation is also consistent with previous reports that populations of R. bromii and E.
rectale are associated with each other, both physically and metabolically (22, 24). The
relative abundance of E. rectale was also correlated with the concentration of butyrate
in the RPS group (Spearman rho � 0.42, P � 0.001; Fig. 5), which would explain the
higher butyrate in individuals where R. bromii increased.

FIG 4 Pairs of microbes that consistently responded in concert either positively (red) or negatively (blue)
to dietary supplementation. Correlations between changes in the abundance of primary degraders and
butyrate producers were calculated using the combined data set that includes responses to all
supplements.

FIG 5 Positive relationship between fecal butyrate concentrations and the relative abundance of
sequences characterized as E. rectale both before and during dietary supplementation with RPS.
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DISCUSSION

We tested the effects of fermentable fiber supplements on the structure and
function of bacterial communities in the human colon. The three supplements we
studied include fractions that are resistant to degradation by host enzymes and
therefore pass through the small intestine to the colon. There, they can be metabolized
by specialized bacteria (which distinguishes them from “bulking fibers” that promote
regularity but pass through both the small and large intestines without degradation).
Two of the supplements we tested were type 2 resistant starches: unmodified starches
extracted from potato tubers (RPS) or high-amylose maize seeds (RMS). However, they
had not been pretreated with �-amylase so they included some accessible starch. Only
50% to 70% of such flours is in the crystalline form that is resistant to mammalian
�-amylase (23); the rest is “sensitive” or “accessible” to host enzymes. For a negative
control, we therefore included a maize starch that is completely digestible by human
�-amylase so it should be broken down in the small intestine and not affect colonic
communities. It was added at a low dose (equivalent to the sensitive portion of the
RMS) or a high dose (equivalent to all the glucose monomers in that resistant supple-
ment). In neither case did this placebo produce any statistically significant changes in
the microbiota composition or SCFA production during consumption. The third sup-
plement was the fructose polymer inulin that is entirely resistant to digestion in the
small intestine.

Consuming RPS led to an increase in the average concentration of fecal butyrate
(Table 1). Neither inulin nor RMS produced a significant change in butyrate. An
important caveat is that the amount of amylose-resistant polysaccharide consumed
was not equal across treatment groups. The inulin and Hi-Maize groups consumed
approximately 20 and 20 to 24 g, respectively, while the RPS group consumed approx-
imately 28 to 34 g. However, based on preliminary data, the discrepancy is not sufficient
to explain the lack of a butyrogenic effect from inulin and Hi-Maize. In a pilot study, we
observed a significant increase in fecal butyrate in individuals consuming half the dose
of RPS (24 g total, 14 to 17 g resistant; data not shown). The butyrogenic response to
RPS appears to be due to the nature of the supplement, not just the amount of RS it
contains. So the answer to our first research question is that the fiber supplements are
not equally effective at stimulating levels of this health-promoting metabolite.

All the fermentable fiber supplements had some effect on the fecal community
(Fig. 2). In individuals consuming RPS, the largest and most common change in V4
sequences was an increase in sequences attributed to B. faecale/adolescentis/stercoris.
This contrasts with an earlier study of dietary supplementation with resistant starch
type 3, where R. bromii was the dominant responder (22, 36) and was therefore
proposed to be a keystone species for the degradation of resistant starch (18). The
different responses in our study could be due to differences in the supplements, as has
been observed previously when type 2 or type 4 resistant starches are consumed (37).
The higher abundance of bifidobacteria in our study is consistent with the known
ability of B. adolescentis to degrade and ferment RPS in vitro (20), but the increase was
not associated with a change in fecal butyrate (Fig. 3B), suggesting that these organ-
isms are not effectively cross-feeding butyrate producers in vivo— even though they
can in vitro (20, 28, 29). It is conceivable that in vivo production of butyrate from such
cross-feeding requires additional time for interactions to be established in the gut
microbiome. Longer-term studies are under way to assess this possibility. The micro-
biomes in a subset of individuals consuming RPS did respond with an increase in R.
bromii-associated sequences. In this group, there was an associated increase in fecal
concentrations of butyrate, so R. bromii may be considered a keystone degrader with
regard to butyrate production in our cohort (Fig. 3B). The major fermentation products
of R. bromii are acetate, H2, and CO2, but not butyrate (35), so there must be
cross-feeding of a butyrogenic microbe. The most likely candidate is Eubacterium rectale
because its abundance increased most consistently with that of R. bromii (Fig. 4). Two
less well-characterized bacterial populations also increased in relative abundance in a
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few individuals consuming RPS. The increase in the Clostridium leptum-related Seq100
was not associated with an increase in butyrate (Fig. 3B), suggesting that it too may be
a degrader but not a cross-feeder. The Seq176 increase was associated with a butyrate
increase (Fig. 3B), which may be because it is both a degrader and a butyrate producer.
The activity of its cultured relative Clostridium chartatabidum against RPS is not docu-
mented, but it is a ruminal bacterium capable of degrading a variety of plant fibers and
it produces butyrate (33, 34). Attempts to culture the human strain are under way.

Individuals consuming RMS did not respond with an increase in the abundance of
B. faecale/adolescentis/stercoris sequences. With this supplement, like previous studies
(36), an increase in R. bromii-associated sequences was the most common response
(Fig. 2). Unlike the RPS-induced R. bromii increase, the increase in R. bromii on RMS was
not associated with a significant increase in fecal butyrate. The lack of a butyrogenic
response to RMS was unexpected because the supplement has led to increased fecal
butyrate in animal models, though over 4 weeks (12). We speculate that the crystal
structures of the resistant starches from the two plants are different because the RPS
is phosphorylated (once every 200 glycosyl residues [38]). They may therefore be
degraded with different efficiency or by different strains. Consequently, more time may
be required to develop cross-feeding interactions from RMS that generate measurable
differences in fecal butyrate.

Inulin increased the relative abundance of four species of Bifidobacterium, consistent
with the widespread occurrence of this degradative capability within the genus (26).
There were also increases in the abundance of the butyrate producers Anaerostipes
hadrus and E. rectale (Fig. 2), but they did not result in increased fecal butyrate. The A.
hadrus may be feeding on the lactate and acetate produced by the more abundant
bifidobacteria feeding on this supplement (31, 32) or it may be able to metabolize
inulin itself. We note that the low pKa of lactic acid (pKa � 3.86) produced by the Bifid
shunt (30) could reduce fecal pH and inhibit butyrogenic microbes that are sensitive to
the lower pH. Subsequent utilization of lactic acid would restore pH but may extend the
time required to see an effect. Alternatively, it could alter the distribution of microbial
populations in the gastrointestinal (GI) tract such that the balance of butyrate con-
sumption by the host and excretion in feces is affected (39). It may also be that lactate
produced by Bifidobacterium species was converted to fermentation products other
than butyrate. Notably, propionate increased by 27% on average with inulin consump-
tion, though the change was not statistically significant due to high variability. Other
than Bifidobacterium spp. and A. hadrus, there were no significant increases in any other
sequences (see Table S1C in the supplemental material), surprisingly including F.
prausnitzii (which has the metabolic capacity to ferment inulin to butyrate [27]).

Thus, we observed that all the fermentable fiber supplements we tested increased
the relative abundances of some members of the fecal microbiota. Most of the affected
sequences are associated with known degraders of resistant polysaccharides or pro-
ducers of butyrate, but we did uncover two Firmicutes not previously associated with
fiber supplements. The organisms responding depended both on the individual and
the supplement (research question 2).

Together, our observations on SCFA and community composition changes suggest
that the working model for stimulating butyrate production with fiber supplements
(Fig. 1) is an oversimplification, in that fiber degradation does not always lead to
butyrate production. The requirement for fiber breakdown by specialized primary
degraders appears to hold, with lack of an appropriate degrader preventing butyrate
increase. However, not all degraders lead to a butyrogenic response. The lack of
enhanced butyrate production in Bifidobacterium-responding microbiomes suggests
that while bifidobacteria are particularly effective at using some fiber supplements,
they do not establish cross-feeding reactions with butyrogenic populations as readily as
Ruminococcus-responsive microbiomes. Furthermore, the concept of a wide variety of
butyrate-producing organisms having ready access to the products of degradation and
fermentation is not supported. Even though many of these organisms can be cross-fed
by primary degraders in vitro (20, 22, 28, 29), the in vivo scenario seems much more
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restricted. The only butyrate producer whose abundance increased with a primary
degrader (Fig. 4) and was associated with higher fecal butyrate (Fig. 5) is E. rectale. This
organism has a multiprotein system that is attached to the cell wall for degrading
sensitive starch (40). It includes carbohydrate binding domains that enable it to attach
to RS granules (but not degrade them), as well as ABC transporter proteins that capture
oligosaccharide degradation products of the same size as those preferred for growth of
R. bromii (22). It has been shown to colocalize with R. bromii on starch granules (24) and
to grow on the products of RS degradation by R. bromii in vitro (22). It thus has the
characteristics of a preferred partner in converting RPS to butyrate (research question
3). A single organism, such as C. chartatabidum, may be an alternative route, but it
occurs in fewer individuals. If the C. chartatabidum-related organism from this cohort is
indeed a primary degrader of RPS that produces butyrate, it would be an appealing
probiotic to give in combination with RPS to enhance butyrate production in a larger
percentage of individuals.

To improve the efficacy of dietary supplements like these, it may be necessary to
personalize them according to an individual’s gut microbiota (41). The presence of R.
bromii or the C. chartatabidum-related organism suggests whether a gut microbiome
would yield increased butyrate concentrations following short-term (2-week) supple-
mentation with RPS (research question 4). Individuals without R. bromii in their gut
microbiome may benefit from a probiotic supplementation with R. bromii to increase
the likelihood of a butyrogenic response to RPS. There may also be a synergistic effect
of combining RPS with both R. bromii and E. rectale to maximize the butyrogenic effect
of the supplement. In contrast, microbiomes with high levels of bifidobacteria are less
likely to increase butyrate production in response to RPS (or inulin), at least in the short
term. In these microbiomes, a different supplement or combination of supplements
may be needed, or a longer period of time may be required for the microbiome to
respond to the supplement. Such considerations are necessary when attempting to
effect a particular change in the highly variable structures of human gut communities.

MATERIALS AND METHODS
Study participants. Study participants were recruited through the Authentic Research Sections of

the introductory biology laboratory course at the University of Michigan (BIO173). Individuals with
self-reported history of inflammatory bowel syndrome, inflammatory bowel disease, or colorectal cancer
were excluded from the study, as were individuals who had taken antibiotics within the last 6 months.
Pre- or probiotic usage was not an exclusion criterion for the study, nor was the amount of fiber already
being consumed. All participants gave written, informed consent prior to participating in the study.
Participants under the age of 18 were granted permission by a parent or legal guardian. Participants
ranged in age from 17 to 29 years old, with a median age of 19 years old. This study was approved by
the Institutional Review Board of the University of Michigan Medical School (HUM00094242 and
HUM00118951) and was conducted in compliance with the Helsinki Declaration.

The participants were randomly assigned to study groups. During the first semester, the participants
were blinded to the supplement they were taking; in subsequent studies, they were informed of its
identity. Researchers analyzing samples were always blinded to the supplement associated with the
samples. Some participants were excluded from the analysis because fewer than three samples were
collected or successfully analyzed either before or during dietary supplementation.

Study design. This replicated intervention study was conducted during four separate academic
semesters from the fall of 2015 to the spring of 2017. It was a parallel design with different but similar
groups taking experimental or control supplements. Replicated baseline data were collected for each
individual during the first week of each study. Each participant collected three or four fecal samples on
separate days during this period. During the second week, participants underwent a 4- to 7-day transition
phase that began with consumption of a half dose of the supplement before taking the full dose. No fecal
samples were collected during the transition phase. In the third week of the study, participants continued
taking the full dose of their assigned supplement until they had collected three or four fecal samples on
separate days.

Dietary supplements. Four different supplements were tested in this study: resistant potato starch
(RPS) (Bob’s Red Mill, Milwaukee, OR), Hi-Maize 260 resistant corn starch (RMS) (manufactured by
Ingredion Inc., Westchester, IL, and distributed by myworldhut.com), inulin isolated from chicory root
(Swanson Health Products, Fargo, ND), and amylase-accessible corn starch (Amioca powder; Skidmore
Sales and Distribution, West Chester, OH). Preliminary studies suggested that 40 to 48 g of supplement
could be comfortably consumed per day. This amount was therefore used for the studies with RPS and
RMS. However, it should be noted that these supplements do not contain the same proportion of
amylase-resistant starch: RPS contains approximately 70% RS (type 2) by weight, and RMS contains
approximately 50% (23). Subjects therefore consumed 28 to 34 g of RPS or 20 to 24 g of RMS per day.
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The inulin supplement, which is resistant to human enzymes (42), was consumed at 20 g/day to provide
a similar amount of resistant polysaccharide. The accessible starch supplement was given at either
40 g/day (n � 15) to provide a similar amount of total carbohydrates or at 20 g/day (n � 24) to provide
approximately the same amount of host-accessible carbohydrates. Consumption of the supplements was
split into two half doses per day and logged on the study website. Participants were provided with a
shaker bottle to aid in mixing the supplement with water; however, they were permitted to consume the
supplement with any type of food or beverage. Participants were instructed not to add the supplement
to any warm food or beverage. Aside from the supplement, participants maintained their normal diet
throughout the study.

Fecal collection. Fecal samples were collected by participants as described previously (10). Partici-
pants collected approximately half a gram of fecal material into an OMNIgene-Gut (DNA Genotek)
collection kit, following the manufacturer’s instructions. Collection tubes were transferred to a �20˚C
freezer within 24 h of collection and stored at �20˚C until thawed for DNA and metabolite extractions.
Collection tubes were weighed before and after fecal collection to determine the weight of the fecal
material collected.

SCFA quantification. To extract SCFAs, 1 ml of fecal suspension was transferred into a 2-ml 96-well
V-bottom collection plate and centrifuged at 4,500 � g for 15 min at 4˚C. Portions (200 �l) of supernatant
fractions were successively filtered through 1.20-, 0.65-, and 0.22-�m 96-well filter plates at 4˚C. Filtrates
were transferred into 1.5-ml screw cap vials containing 100-�l inserts in preparation for analysis by
high-performance liquid chromatography (HPLC). Samples were analyzed in a randomized order. Quan-
tification of SCFAs was performed using a Shimadzu HPLC system (Shimadzu Scientific Instruments,
Columbia, MD) that included an LC-10AD vp pump A, LC-10AD vp pump B, degasser DGU-14A, CBM-20A,
autosampler SIL-10AD HT, column heater CTO-10A(C) vp, UV detector SPD-10A(V) vp, and an Aminex
HPX-87H column (Bio-Rad Laboratories, Hercules, CA). We used a mobile phase of 0.01 N H2SO4 at a total
flow rate of 0.6 ml per min with the column oven temperature at 50˚C. The sample injection volume was
10 �l, and each sample eluted for 40 min. The concentrations were calculated using a cocktail of
short-chain organic acid standards at concentrations of 20, 10, 5, 2.5, 1, 0.5, 0.25, and 0.1 mM. After
correcting the baseline of chromatographs, the quality of peaks was assessed using peak width, relative
retention time, and 5% width. Peaks that fell outside predetermined cutoffs for relative retention time
and peak width were removed. The concentrations in experimental samples were normalized to the wet
weight of the fecal material.

16S rRNA gene sequencing. DNA was extracted from 250 �l of fecal suspension using the 96-well
MagAttract PowerMicrobiome DNA isolation kit (Qiagen) and EpMotion liquid handling systems (Eppen-
dorf). The V4 region of the bacterial 16S rRNA gene was amplified and sequenced as described previously
using 2 � 250-bp paired-end kits on the Illumina MiSeq sequencing platform (43). The samples were
assigned randomly to different runs each semester, with eight separate DNA sequencing runs in total.
Sequences were curated using the mothur software package as described previously (43, 44). Briefly,
paired-end reads were merged into contigs, screened for sequencing errors, and aligned to the SILVA
bacterial SSU reference database. Aligned sequences were screened for chimeras and classified using the
Ribosomal Database Project database. Sequences classified as mitochondria, chloroplasts, or archaea
were removed. Sequences of interest were further identified using BLAST to align against the 16S rRNA
gene sequences database. Unless stated otherwise, species designations indicate 100% identity to a
single species in the database. The number of sequences per sample was rarified to 3,000 to prevent
biases from uneven sampling.

Statistical analyses. All statistical analyses were performed using R (version 3.2.4) via RStudio
(version 1.0.136). To determine whether there was a significant change in SCFA concentration from
before to during fiber supplementation, we performed repeated measures ANOVAs on SCFA concen-
trations in all fecal samples from individuals consuming each supplement. For other analyses, we used
the median SCFA concentration for each individual at each time point. Changes in the overall community
structure in response to supplements were assessed using a within-subject PERMANOVA on Bray-Curtis
distances. Diversity was compared using repeated measures ANOVA on the inverse Simpson index for
each sample. For other comparisons of the relative abundance of microbiota, we used the average
relative abundance for each individual at each time point, yielding a single average community structure
for each individual before and during supplementation. Organisms that increased the most in response
to each supplement were identified using one-tailed paired Wilcoxon tests on the average abundances
in each subject before and during supplementation with the Benjamini-Hochberg correction for multiple
comparisons (45). The P values in Fig. 2 were corrected for the multiple tests applied to those 14 species,
which were a priori expected to be important for fiber degradation and/or butyrate production, while P
values in the studies of subsets of individuals were corrected for test across all 500 sequences.
Correlations between the changes in abundance of primary degraders and butyrate producers (Fig. 4)
were calculated using Spearman correlation with Benjamini-Hochberg correction for multiple compari-
sons.

Data availability. Raw sequencing reads and metadata, including SCFA concentrations, are available
through the NCBI Short Read Archive under accession number SRP128128.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/mBio

.02566-18.
TABLE S1, XLSX file, 0.1 MB.

Different Responses to Fermentable Fibers ®

January/February 2019 Volume 10 Issue 1 e02566-18 mbio.asm.org 11

https://www.ncbi.nlm.nih.gov/sra/?term=SRP128128
https://doi.org/10.1128/mBio.02566-18
https://doi.org/10.1128/mBio.02566-18
https://mbio.asm.org


ACKNOWLEDGMENTS
This research was supported by grants from the Procter and Gamble Company, the

Howard Hughes Medical Institute (52008119), and the University of Michigan Host
Microbiome Initiative.

We declare that we have no competing interests.
We thank the students of Biology 173 who participated in this study and the

University of Michigan Microbial Systems Molecular Biology Laboratory for performing
16S rRNA gene library preparation and sequencing.

REFERENCES
1. Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D,

Nakanishi Y, Uetake C, Kato K, Kato T, Takahashi M, Fukuda NN, Mu-
rakami S, Miyauchi E, Hino S, Atarashi K, Onawa S, Fujimura Y, Lockett T,
Clarke JM, Topping DL, Tomita M, Hori S, Ohara O, Morita T, Koseki H,
Kikuchi J, Honda K, Hase K, Ohno H. 2013. Commensal microbe-derived
butyrate induces the differentiation of colonic regulatory T cells. Nature
504:446 – 450. https://doi.org/10.1038/nature12721.

2. Peng L, Li ZR, Green RS, Holzman IR, Lin J. 2009. Butyrate enhances the
intestinal barrier by facilitating tight junction assembly via activation of
AMP-activated protein kinase in Caco-2 cell monolayers. J Nutr 139:
1619 –1625. https://doi.org/10.3945/jn.109.104638.

3. Ruemmele FM, Schwartz S, Seidman EG, Dionne S, Levy E, Lentze MJ.
2003. Butyrate induced Caco-2 cell apoptosis is mediated via the mito-
chondrial pathway. Gut 52:94 –100. https://doi.org/10.1136/gut.52.1.94.

4. Mikkelsen KH, Frost M, Bahl MI, Licht TR, Jensen US, Rosenberg J,
Pedersen O, Hansen T, Rehfeld JF, Holst JJ, Vilsboll T, Knop FK. 2015.
Effect of antibiotics on gut microbiota, gut hormones and glucose
metabolism. PLoS One 10:e0142352. https://doi.org/10.1371/journal
.pone.0142352.

5. Wang L, Luo HS, Xia H. 2009. Sodium butyrate induces human colon
carcinoma HT-29 cell apoptosis through a mitochondrial pathway. J Int
Med Res 37:803– 811. https://doi.org/10.1177/147323000903700323.

6. Segain JP, de la Bietere DR, Bourreille A, Leray V, Gervois N, Rosales C,
Ferrier L, Bonnet C, Blottiere HM, Galmiche JP. 2000. Butyrate inhibits
inflammatory responses through NF kappa B inhibition: implications for
Crohn’s disease. Gut 47:397– 403. https://doi.org/10.1136/gut.47.3.397.

7. Mathewson ND, Jenq R, Mathew AV, Koenigsknecht M, Hanash A, Toubai
T, Oravecz-Wilson K, Wu SR, Sun Y, Rossi C, Fujiwara H, Byun J, Shono Y,
Lindemans C, Calafiore M, Schmidt TC, Honda K, Young VB, Pennathur S,
van den Brink M, Reddy P. 2016. Gut microbiome-derived metabolites
modulate intestinal epithelial cell damage and mitigate graft-versus-
host disease. Nat Immunol 17:505–513. https://doi.org/10.1038/ni.3400.

8. Gao Z, Yin J, Zhang J, Ward RE, Martin RJ, Lefevre M, Cefalu WT, Ye J.
2009. Butyrate improves insulin sensitivity and increases energy expen-
diture in mice. Diabetes 58:1509 –1517. https://doi.org/10.2337/db08
-1637.

9. Lin HV, Frassetto A, Kowalik EJ, Jr, Nawrocki AR, Lu MM, Kosinski JR,
Hubert JA, Szeto D, Yao X, Forrest G, Marsh DJ. 2012. Butyrate and
propionate protect against diet-induced obesity and regulate gut hor-
mones via free fatty acid receptor 3-independent mechanisms. PLoS
One 7:e35240. https://doi.org/10.1371/journal.pone.0035240.

10. Venkataraman A, Sieber JR, Schmidt AW, Waldron C, Theis KR, Schmidt
TM. 2016. Variable responses of human microbiomes to dietary supple-
mentation with resistant starch. Microbiome 4:33. https://doi.org/10
.1186/s40168-016-0178-x.

11. Welters CF, Heineman E, Thunnissen FB, van den Bogaard AE, Soeters PB,
Baeten CG. 2002. Effect of dietary inulin supplementation on inflammation
of pouch mucosa in patients with an ileal pouch-anal anastomosis. Dis
Colon Rectum 45:621–627. https://doi.org/10.1007/s10350-004-6257-2.

12. Le Leu RK, Hu Y, Brown IL, Young GP. 2009. Effect of high amylose maize
starches on colonic fermentation and apoptotic response to DNA-
damage in the colon of rats. Nutr Metab (Lond) 6:11. https://doi.org/10
.1186/1743-7075-6-11.

13. Harsch IA, Konturek PC. 2018. The role of gut microbiota in obesity and
type 2 and type 1 diabetes mellitus: new insights into “old” diseases.
Med Sci (Basel) 6:E32. https://doi.org/10.3390/medsci6020032.

14. Brown JM, Hazen SL. 2018. Microbial modulation of cardiovascular
disease. Nat Rev Microbiol 16:171–181. https://doi.org/10.1038/nrmicro
.2017.149.

15. Makki K, Deehan EC, Walter J, Backhed F. 2018. The impact of dietary
fiber on gut microbiota in host health and disease. Cell Host Microbe
23:705–715. https://doi.org/10.1016/j.chom.2018.05.012.

16. Deehan EC, Duar RM, Armet AM, Perez-Munoz ME, Jin M, Walter J. 2017.
Modulation of the gastrointestinal microbiome with nondigestible ferment-
able carbohydrates to improve human health. Microbiol Spectr 5(5):BAD-
0019-2017. https://doi.org/10.1128/microbiolspec.BAD-0019-2017.

17. Cockburn DW, Koropatkin NM. 2016. Polysaccharide degradation by the
intestinal microbiota and its influence on human health and disease. J
Mol Biol 428:3230 –3252. https://doi.org/10.1016/j.jmb.2016.06.021.

18. Watson D, O’Connell Motherway M, Schoterman MH, van Neerven RJ,
Nauta A, van Sinderen D. 2013. Selective carbohydrate utilization by
lactobacilli and bifidobacteria. J Appl Microbiol 114:1132–1146. https://
doi.org/10.1111/jam.12105.

19. Flint HJ, Scott KP, Duncan SH, Louis P, Forano E. 2012. Microbial degra-
dation of complex carbohydrates in the gut. Gut Microbes 3:289 –306.
https://doi.org/10.4161/gmic.19897.

20. Belenguer A, Duncan SH, Calder AG, Holtrop G, Louis P, Lobley GE, Flint
HJ. 2006. Two routes of metabolic cross-feeding between Bifidobacte-
rium adolescentis and butyrate-producing anaerobes from the human
gut. Appl Environ Microbiol 72:3593–3599. https://doi.org/10.1128/AEM
.72.5.3593-3599.2006.

21. Louis P, Flint HJ. 2017. Formation of propionate and butyrate by the
human colonic microbiota. Environ Microbiol 19:29 – 41. https://doi.org/
10.1111/1462-2920.13589.

22. Ze X, Duncan SH, Louis P, Flint HJ. 2012. Ruminococcus bromii is a
keystone species for the degradation of resistant starch in the human
colon. ISME J 6:1535–1543. https://doi.org/10.1038/ismej.2012.4.

23. Bednar GE, Patil AR, Murray SM, Grieshop CM, Merchen NR, Fahey GC, Jr.
2001. Starch and fiber fractions in selected food and feed ingredients
affect their small intestinal digestibility and fermentability and their
large bowel fermentability in vitro in a canine model. J Nutr 131:
276 –286. https://doi.org/10.1093/jn/131.2.276.

24. Leitch EC, Walker AW, Duncan SH, Holtrop G, Flint HJ. 2007. Selective
colonization of insoluble substrates by human faecal bacteria. Environ
Microbiol 9:667– 679. https://doi.org/10.1111/j.1462-2920.2006.01186.x.

25. El Kaoutari A, Armougom F, Gordon JI, Raoult D, Henrissat B. 2013. The
abundance and variety of carbohydrate-active enzymes in the human
gut microbiota. Nat Rev Microbiol 11:497–504. https://doi.org/10.1038/
nrmicro3050.

26. Rossi M, Corradini C, Amaretti A, Nicolini M, Pompei A, Zanoni S, Matteuzzi
D. 2005. Fermentation of fructooligosaccharides and inulin by
bifidobacteria: a comparative study of pure and fecal cultures. Appl Environ
Microbiol 71:6150–6158. https://doi.org/10.1128/AEM.71.10.6150-6158
.2005.

27. Moens F, De Vuyst L. 2017. Inulin-type fructan degradation capacity
of Clostridium cluster IV and XIVa butyrate-producing colon bacteria and
their associated metabolic outcomes. Benef Microbes 8:473– 490.
https://doi.org/10.3920/BM2016.0142.

28. Falony G, Vlachou A, Verbrugghe K, De Vuyst L. 2006. Cross-feeding
between Bifidobacterium longum BB536 and acetate-converting,
butyrate-producing colon bacteria during growth on oligofructose. Appl
Environ Microbiol 72:7835–7841. https://doi.org/10.1128/AEM.01296-06.

29. Rios-Covian D, Gueimonde M, Duncan SH, Flint HJ, de los Reyes-Gavilan
CG. 2015. Enhanced butyrate formation by cross-feeding between
Faecalibacterium prausnitzii and Bifidobacterium adolescentis. FEMS
Microbiol Lett 362:fnv176. https://doi.org/10.1093/femsle/fnv176.

30. Scardovi V, Trovatelli LD. 1965. The fructose-6-phosphate shunt as a

Baxter et al. ®

January/February 2019 Volume 10 Issue 1 e02566-18 mbio.asm.org 12

https://doi.org/10.1038/nature12721
https://doi.org/10.3945/jn.109.104638
https://doi.org/10.1136/gut.52.1.94
https://doi.org/10.1371/journal.pone.0142352
https://doi.org/10.1371/journal.pone.0142352
https://doi.org/10.1177/147323000903700323
https://doi.org/10.1136/gut.47.3.397
https://doi.org/10.1038/ni.3400
https://doi.org/10.2337/db08-1637
https://doi.org/10.2337/db08-1637
https://doi.org/10.1371/journal.pone.0035240
https://doi.org/10.1186/s40168-016-0178-x
https://doi.org/10.1186/s40168-016-0178-x
https://doi.org/10.1007/s10350-004-6257-2
https://doi.org/10.1186/1743-7075-6-11
https://doi.org/10.1186/1743-7075-6-11
https://doi.org/10.3390/medsci6020032
https://doi.org/10.1038/nrmicro.2017.149
https://doi.org/10.1038/nrmicro.2017.149
https://doi.org/10.1016/j.chom.2018.05.012
https://doi.org/10.1128/microbiolspec.BAD-0019-2017
https://doi.org/10.1016/j.jmb.2016.06.021
https://doi.org/10.1111/jam.12105
https://doi.org/10.1111/jam.12105
https://doi.org/10.4161/gmic.19897
https://doi.org/10.1128/AEM.72.5.3593-3599.2006
https://doi.org/10.1128/AEM.72.5.3593-3599.2006
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1038/ismej.2012.4
https://doi.org/10.1093/jn/131.2.276
https://doi.org/10.1111/j.1462-2920.2006.01186.x
https://doi.org/10.1038/nrmicro3050
https://doi.org/10.1038/nrmicro3050
https://doi.org/10.1128/AEM.71.10.6150-6158.2005
https://doi.org/10.1128/AEM.71.10.6150-6158.2005
https://doi.org/10.3920/BM2016.0142
https://doi.org/10.1128/AEM.01296-06
https://doi.org/10.1093/femsle/fnv176
https://mbio.asm.org


peculiar pattern of hexose degradation in the genus Bifidobacterium.
Ann Microbiol 15:19 –29.

31. Allen-Vercoe E, Daigneault M, White A, Panaccione R, Duncan SH, Flint
HJ, O’Neal L, Lawson PA. 2012. Anaerostipes hadrus comb. nov., a
dominant species within the human colonic microbiota; reclassification
of Eubacterium hadrum Moore et al. 1976. Anaerobe 18:523–529.
https://doi.org/10.1016/j.anaerobe.2012.09.002.

32. Duncan SH, Louis P, Flint HJ. 2004. Lactate-utilizing bacteria, isolated
from human feces, that produce butyrate as a major fermentation
product. Appl Environ Microbiol 70:5810 –5817. https://doi.org/10.1128/
AEM.70.10.5810-5817.2004.

33. Kelly WJ, Asmundson RV, Hopcroft DH. 1987. Isolation and characteriza-
tion of a strictly anaerobic, cellulolytic spore former: Clostridium char-
tatabidum sp. nov. Arch Microbiol 147:169 –173. https://doi.org/10.1007/
BF00415279.

34. Yang JC, Chynoweth DP, Williams DS, Li A. 1990. Clostridium aldrichii sp.
nov, a cellulolytic mesophile inhabiting a wood-fermenting anaerobic
digester. Int J Syst Bacteriol 40:268 –272. https://doi.org/10.1099/
00207713-40-3-268.

35. Vos P, Garrity G, Jones D, Krieg NR, Ludwig W, Rainey FA, Schleifer K-H,
Whitman W (ed). 2009. Bergey’s manual of systematic bacteriology, vol3.
The Firmicutes. Springer-Verlag, New York, NY.

36. Walker AW, Ince J, Duncan SH, Webster LM, Holtrop G, Ze X, Brown D,
Stares MD, Scott P, Bergerat A, Louis P, McIntosh F, Johnstone AM,
Lobley GE, Parkhill J, Flint HJ. 2011. Dominant and diet-responsive
groups of bacteria within the human colonic microbiota. ISME J
5:220 –230. https://doi.org/10.1038/ismej.2010.118.

37. Martinez I, Kim J, Duffy PR, Schlegel VL, Walter J. 2010. Resistant starches
types 2 and 4 have differential effects on the composition of the fecal
microbiota in human subjects. PLoS One 5:e15046. https://doi.org/10
.1371/journal.pone.0015046.

38. Nielsen TH, Wischmann B, Enevoldsen K, Moller BL. 1994. Starch phos-
phorylation in potato tubers proceeds concurrently with de novo bio-

synthesis of starch. Plant Physiol 105:111–117. https://doi.org/10.1104/
pp.105.1.111.

39. Donaldson GP, Lee SM, Mazmanian SK. 2016. Gut biogeography of the
bacterial microbiota. Nat Rev Microbiol 14:20 –32. https://doi.org/10
.1038/nrmicro3552.

40. Cockburn DW, Suh C, Medina KP, Duvall RM, Wawrzak Z, Henrissat B,
Koropatkin NM. 2018. Novel carbohydrate binding modules in the sur-
face anchored alpha-amylase of Eubacterium rectale provide a molecu-
lar rationale for the range of starches used by this organism in the
human gut. Mol Microbiol 107:249 –264. https://doi.org/10.1111/mmi
.13881.

41. Zeevi D, Korem T, Zmora N, Israeli D, Rothschild D, Weinberger A,
Ben-Yacov O, Lador D, Avnit-Sagi T, Lotan-Pompan M, Suez J, Mahdi JA,
Matot E, Malka G, Kosower N, Rein M, Zilberman-Schapira G, Dohnalová
L, Pevsner-Fischer M, Bikovsky R, Halpern Z, Elinav E, Segal E. 2015.
Personalized nutrition by prediction of glycemic responses. Cell 163:
1079 –1094. https://doi.org/10.1016/j.cell.2015.11.001.

42. Niness KR. 1999. Inulin and oligofructose: what are they? J Nutr 129:
1402S–1406S. https://doi.org/10.1093/jn/129.7.1402S.

43. Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. 2013.
Development of a dual-index sequencing strategy and curation pipeline
for analyzing amplicon sequence data on the MiSeq Illumina sequencing
platform. Appl Environ Microbiol 79:5112–5120. https://doi.org/10.1128/
AEM.01043-13.

44. Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB,
Lesniewski RA, Oakley BB, Parks DH, Robinson CJ, Sahl JW, Stres B,
Thallinger GG, Van Horn DJ, Weber CF. 2009. Introducing mothur: open-
source, platform-independent, community-supported software for de-
scribing and comparing microbial communities. Appl Environ Microbiol
75:7537–7541. https://doi.org/10.1128/AEM.01541-09.

45. Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J R Stat Soc Ser B
57:289 –300. https://doi.org/10.1111/j.2517-6161.1995.tb02031.x.

Different Responses to Fermentable Fibers ®

January/February 2019 Volume 10 Issue 1 e02566-18 mbio.asm.org 13

https://doi.org/10.1016/j.anaerobe.2012.09.002
https://doi.org/10.1128/AEM.70.10.5810-5817.2004
https://doi.org/10.1128/AEM.70.10.5810-5817.2004
https://doi.org/10.1007/BF00415279
https://doi.org/10.1007/BF00415279
https://doi.org/10.1099/00207713-40-3-268
https://doi.org/10.1099/00207713-40-3-268
https://doi.org/10.1038/ismej.2010.118
https://doi.org/10.1371/journal.pone.0015046
https://doi.org/10.1371/journal.pone.0015046
https://doi.org/10.1104/pp.105.1.111
https://doi.org/10.1104/pp.105.1.111
https://doi.org/10.1038/nrmicro3552
https://doi.org/10.1038/nrmicro3552
https://doi.org/10.1111/mmi.13881
https://doi.org/10.1111/mmi.13881
https://doi.org/10.1016/j.cell.2015.11.001
https://doi.org/10.1093/jn/129.7.1402S
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://mbio.asm.org

	RESULTS
	Effects on short-chain fatty acids. 
	Effects on bacterial communities. 
	The most affected bacterial populations. 
	Associations between butyrate changes and community changes. 
	Partnerships converting polysaccharides to butyrate. 

	DISCUSSION
	MATERIALS AND METHODS
	Study participants. 
	Study design. 
	Dietary supplements. 
	Fecal collection. 
	SCFA quantification. 
	16S rRNA gene sequencing. 
	Statistical analyses. 
	Data availability. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

