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Abstract: Interest is rapidly growing around the role of the human gut microbiota in facilitating
beneficial health effects associated with consumption of dietary fiber. An evidence map of current
research activity in this area was created using a newly developed database of dietary fiber intervention
studies in humans to identify studies with the following broad outcomes: (1) modulation of colonic
microflora; and/or (2) colonic fermentation/short-chain fatty acid concentration. Study design
characteristics, fiber exposures, and outcome categories were summarized. A sub-analysis described
oligosaccharides and bacterial composition in greater detail. One hundred eighty-eight relevant
studies were identified. The fiber categories represented by the most studies were oligosaccharides
(20%), resistant starch (16%), and chemically synthesized fibers (15%). Short-chain fatty acid
concentration (47%) and bacterial composition (88%) were the most frequently studied outcomes.
Whole-diet interventions, measures of bacterial activity, and studies in metabolically at-risk subjects
were identified as potential gaps in the evidence. This evidence map efficiently captured the variability
in characteristics of expanding research on dietary fiber, gut microbiota, and physiological health
benefits, and identified areas that may benefit from further research. We hope that this evidence map
will provide a resource for researchers to direct new intervention studies and meta-analyses.

Keywords: dietary fiber; gut microbiota; evidence map; colonic fermentation; oligosaccharides;
resistant starch; cereal fiber; Bifidobacteria; Lactobacilli

1. Introduction

According to the 2009 Codex Alimentarius definition of dietary fiber, which aims to unify the
definition among all countries, dietary fiber includes all carbohydrate polymers of three or more
monomeric units that resist digestion in the small intestine [1,2]. A further stipulation of this
definition is that isolated or chemically synthesized fibers need to show a physiological health benefit.
Epidemiological evidence consistently shows that higher intake of dietary fiber is associated with
a reduced risk of chronic diseases, such as cardiovascular disease (CVD), type 2 diabetes, and cancer [3].
However, new research is interested in the role of the gut microbiota with respect to observed beneficial
effects [4,5].
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Research on the human gut microbiota, sometimes referred to as the “forgotten organ” [6], has
exponentially increased over the past decade with recent advances in technology. There has been
growing evidence that the microbiota not only produces metabolites that can influence host physiology,
but these metabolites also play an integral role in the host immune system and metabolism through
a complex array of chemical interactions and signaling pathways [7–9]. These interactions can greatly
impact host health and risk of disease [7,10], and the microbiota have been linked to numerous
diseases such as irritable bowel syndrome (IBS), asthma, allergy, metabolic syndrome, diabetes, obesity,
cardiovascular disease, and colorectal cancer [11].

A number of factors can cause the composition of the microbiota to shift, including changes in
diet [10]. Consumption of dietary fiber has been shown to influence the gut microbiota by altering
bacterial fermentation, colony size, and species composition [12]. Non-digestible carbohydrates are
the primary energy source for most gut microbes and, therefore, can directly impact those species that
heavily depend on that substrate [13]. There can also be indirect impacts through cross-feeding, where
some types of microbes depend on the by-products, or metabolites, of other types of microbes [14,15].
In addition to substrate availability, the magnitude and diversity of the microbiota are also greatly
influenced by other aspects of the gut environment, including pH, host secretions, and transit
time [11,12,16–19]. While certain dietary components play an important role in the gut environment,
products of microbial fermentation can also have an influence [10,20]. For example, consumption
of fermentable dietary fiber will provide substrates for microbial activity but will also increase the
concentrations of fermentation products, such as short-chain fatty acids (SCFAs). A buildup of SCFAs
subsequently lowers the colonic pH, which can then have dramatic effects on the composition of the
microbiota [16,20,21]. Therefore, the relationship between diet, the gut microbiota, microbial activity,
and gut physiology is complex.

The distribution of different strains or species of bacteria within the gut will determine the
metabolic profile of the microbiota, which could have potential physiologic effects on health [10].
SCFAs, such as butyrate, acetate, and propionate produced by the fermentation of dietary fibers,
may play a role in energy homeostasis, immune function, and host-microbe signaling [7,22,23], and
prevention of diseases, such as bowel disease, colon cancer, and metabolic syndrome [20,24–26].
Therefore, fiber-induced modulation of the gut microbiota has gained interest for its potential impact
on health and disease [27]. However, it is not well understood how and to what extent these changes
may happen in a predictable way [28]. The first step toward answering these questions is to gather and
summarize the current literature on dietary fiber and the gut microbiota, which can be done effectively
using evidence mapping.

Evidence mapping is a new technique being applied in nutritional epidemiology to review and
characterize the published research on a broad topic of interest, allowing for the identification of
gaps and prioritizing new research questions [29–31]. Evidence maps may be considered as the first
few steps in a systematic review but are generally more comprehensive in the scope of the research
question [31,32]. Instead of a specific, targeted question, an evidence map aims to determine the
research “landscape” of the topic area. Evidence mapping can provide a context for systematic reviews
and meta-analyses by presenting a wide range of study designs and methods being utilized in the
area of interest [29]. While systematic reviews are the method of choice for synthesizing study results,
evidence mapping is a more efficient methodology for visualizing the evidence and is a particularly
useful technique in fast-paced or rapidly growing areas of research, such as the human gut microbiota.

Our objective was to describe existing research on dietary fiber intake and the gut microbiota.
Through the creation of an evidence map, we identify potential gaps in the research and highlight
areas where new hypotheses may be addressed in future studies. Furthermore, we extended our
evidence mapping to summarize broad study findings in a focused area regarding the effects of the
oligosaccharide interventions on the gut microbial composition. In doing so, we demonstrate how
this evidence map can be used as a platform to build on the existing evidence by answering the
following two questions: (1) Can we identify specific gut microbial species that are modulated by
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dietary fiber? (2) Is there evidence that modulation of the gut microbiota is correlated with fermentation
or physiological effects on host health?

2. Materials and Methods

Evidence mapping involves three major steps: (1) clearly defining a topic area and setting criteria
around the questions of interest; (2) systematically searching for and selecting relevant studies based
on pre-defined criteria, such as study design and outcomes of interest and, thereby, creating a “map” of
available evidence; and (3) reporting on study characteristics and the extent of existing research [30–32].

To develop the dietary fiber and human gut microbiota evidence map, we utilized a newly
developed Dietary Fiber Database (Version 3.0), containing data on published dietary fiber
interventions [33]. The database, housed in the Systematic Review Data Repository (SRDR) [34],
contains descriptive data extracted from dietary fiber intervention studies that were identified by
a systematic literature search. It includes all human studies published from 1946 to May 2016 that
examined the effect of dietary fiber on at least one of nine pre-defined physiological health outcomes.
For the complete list of the inclusion/exclusion criteria, including the nine health outcomes, refer to
Supplementary Materials Table S1.

The database includes two specific outcomes related to the gut microbiota: (1) modulation of
colonic microflora; and (2) colonic fermentation/short-chain fatty acid concentration. Keywords used
to identify these specific outcomes in the development of the database are provided in the
Supplementary Methods. Our evidence map is comprised of all publications in the database reporting
on at least one of these two outcomes.

Descriptive analyses were performed to examine the range of study designs, fiber interventions,
and types of outcomes examined. Because evidence mapping is meant to capture the wider landscape
of evidence and is, therefore, more inclusive and less homogenous than is usually required for
a meta-analysis, results are specifically not represented. Due to the large variety of fiber interventions
identified, fiber intervention exposures were grouped into categories according to structure or source,
depending on how they were described in the original publication. If the same fiber intervention was
given at different doses within the same study, that fiber type was only counted once for that study.

Microbiota outcomes identified by the database were examined in more detail and were
re-classified into three categories: (1) fermentation, which included measures of SCFAs, breath markers
(such as H2 and CH4), bacterial enzyme activity and metabolites, bile acid metabolism, and fiber
digestibility (measured by fecal recovery); (2) bacterial composition, which included relative or
absolute bacterial counts; and (3) colonic and fecal pH.

Weighted scatter plots were used to visualize the available evidence on different fiber types by
outcome groups and sample size. Each bubble in the plot represents a single publication with the size
of the bubble corresponding to the study sample size. Publications may be represented more than once
throughout the plot if multiple fiber interventions or outcomes were reported but are not repeated
within any single cross-sectional area.

To further explore the information captured in this evidence map, we isolated publications on the
top most reported fiber type, oligosaccharides. We examined oligosaccharides in relation to bacterial
composition and extracted more detailed information on the study characteristics, bacterial strains
and/or species identified in the publication and the direction of change in strain/species frequency
(increased, decreased, or remained the same) in response to the fiber intervention.

3. Results

A total of 188 distinct studies with at least one outcome related to the gut microbiota were
identified in the Dietary Fiber Database (Version 3.0). The study design and population characteristics
of these studies are summarized in Table 1.
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Table 1. Study Design Characteristics.

Characteristic, n (% of Studies) Total
Top Three Fiber Types

Oligosaccharides Resistant
Starch

Chemically
Synthesized

n 188 38 30 28

Design
Randomized, parallel 54 (29%) 14 (37%) 3 (10%) 10 (36%)
Randomized, crossover 127 (67%) 24 (63%) 27 (3%) 16 (57%)
Randomized, combined parallel and crossover 2 (1%) 0 (0%) 0 (0%) 1 (4%)
Non-Randomized 2 (1%) 0 (0%) 0 (0%) 0 (0%)
Unspecified Randomization 3 (2%) 0 (0%) 0 (0%) 1 (4%)

Sample size
Less than 10 19 (10%) 1 (3%) 6 (20%) 2 (7%)
10 to 49 145 (77%) 29 (76%) 23 (77%) 23 (82%)
50 to 100 20 (11%) 6 (16%) 0 (0%) 2 (7%)
More than 100 4 (2%) 2 (5%) 1 (3%) 1 (4%)

Duration
Acute (<1 week) 36 (19%) 4 (11%) 9 (30%) 6 (21%)
1–4 weeks 126 (67%) 26 (68%) 21 (70%) 20 (71%)
1–6 months 25 (13%) 8 (21%) 0 (0%) 2 (7%)
More than 6 months 1 (1%) 0 (0%) 0 (0%) 0 (0%)

Diet type
Acute 36 (19%) 4 (11%) 9 (30%) 6 (21%)
Isocaloric/Maintenance 115 (61%) 26 (68%) 17 (57%) 12 (43%)
Weight Loss 2 (1%) 0 (0%) 0 (0%) 0 (0%)
Other/Unspecified 35 (19%) 8 (21%) 4 (13%) 10 (36%)

Age
Adults (≥17 years *) 185 (98%) 37 (97%) 30 (100%) 27 (96%)
Adolescents (12–17 years) 1 (1%) 0 (0%) 0 (0%) 1 (4%)
Children (3–11 years) 2 (1%) 1 (3%) 0 (0%) 0 (0%)

Baseline Health
Healthy 153 (81%) 34 (89%) 26 (87%) 27 (96%)
Overweight or Obese 7 (4%) 1 (3%) 0 (0%) 1 (4%)
Diabetic 1 (1%) 0 (0%) 0 (0%) 0 (0%)
Metabolically at Risk 8 (4%) 1 (3%) 2 (7%) 0 (0%)
Hyperlipidemia 6 (3%) 1 (3%) 1 (3%) 0 (0%)
GI/Digestive Issues 6 (3%) 0 (0%) 0 (0%) 0 (0%)
Other 7 (4%) 1 (1%) 1 (3%) 0 (0%)

Region
Asia 6 (3%) 2 (5%) 1 (3%) 3 (11%)
Australia/New Zealand 16 (8%) 1 (3%) 7 (23%) 1 (4%)
Europe 114 (61%) 31 (81%) 17 (57%) 12 (43%)
North America 51 (27%) 4 (11%) 5 (17%) 12 (43%)
South America 1 (1%) 0 (0%) 0 (0%) 0 (0%)

* Only one study had an age range of 17–61 years, all other studies in adults included subjects ≥18 years.

The majority (96%) were randomized, controlled studies, with only two studies not randomized,
and three studies with unknown randomization. The majority of studies used a crossover design
compared to a parallel design (67% randomized, crossover; 29% randomized, parallel; and 1%
combination of crossover and parallel designs). The size of the study samples ranged from 4 to
435 subjects, but the majority of studies (87%) had fewer than 50 subjects. Few studies (14%) had an
intervention duration exceeding four weeks. Most (67%) lasted 1–4 weeks, and 19% were acute feeding
interventions, which usually consisted of a single test meal. The subjects were described as healthy in
the majority of studies (81%). Fewer studies involved subjects that were overweight or obese (4%),
diabetic (1%), hyperlipidemic (3%), had metabolic syndrome or “at-risk” for metabolic syndrome (4%),
digestive issues (3%), or risk factors for developing colon cancer (2%).

Within the 188 studies, 47 different fiber types were captured. These fiber interventions fell into
11 different categories, as detailed in Table 2.
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Table 2. Fiber types (total studies = 188), 324 unique exposures.

Group Studies (%) Fiber Types n

Oligosaccharide 38 (20%)

Fructooligosaccharide 22
Galactooligosaccharide 11
Arabinoxylan-oligosaccharides 6
Xylo-oligosaccharide 2
Soybean oligosaccharides 1

Resistant Starch 30 (16%)

Resistant starch type 1 1
Resistant starch type 2 a 20
Resistant starch type 3 11
Resistant Starch, mixed or unspecified 4

Chemically synthesized 28 (15%)

Polydextrose 12
Dextrin g 9
Soluble corn fiber 7
PolyGlycopleX (PGX) 2
Resistant starch type 4 2
Microcrystalline cellulose 1
Solubilized potato polysaccharide 1
Pullulan 1
Butyrylated high amylose maize starch 1

Inulin 25 (13%)
Inulin 18
Oligofructose-enriched inulin (OF-IN) 7

Bran 24 (13%)

Wheat Bran 12
Oat Bran 9
Corn bran 2
Barley bran 1
Rye Bran 1
Bran 2

Cereal fiber 21 (11%)

Cereal fiber, wheat b 9
Cereal fiber, barley c 8
Cereal fiber, oat d 4
Cereal fiber, rye e 4
Cereal fiber f 3

Fruit/Vegetable/Plant fibers 15 (8%)

Vegetable fiber 6
Lupin Kernel Fiber 3
Sugar cane fiber 2
Sugar Beet fiber 1
Bean fiber 1
Citrus fiber 2
Fruit fiber 1

Combination 13 (7%) Combination/Mixture 13

Gums and Mucilages 10 (5%) Gums h 7
Psyllium i 6

Other non-starch polysaccharides 9 (5%)

Pectin 4
Cellulose 3
Hemicellulose j 3
Beta-glucan, barley 1
Polysaccharide, non-starch 1

High fiber diet 4 (2%) Dietary fiber 4

More specific fiber types described include a high-amylose maize starch; b whole-grain wheat; c barley flour,
barley kernels; d oat kernels; e whole-grain rye, rye kernels; f whole-grain, mixture, or unspecified cereal fiber;
g wheat dextrin, resistant dextrin, resistant maltodextrin, soluble fiber dextrin; h guar gum, gum arabic; i ispaghula,
Metamucil; j arabinogalactan, xylans, glucomannan.

The fibers most frequently studied were oligosaccharides (20% of studies), resistant starch (16%),
and chemically synthesized fibers (15%), followed closely by inulin (13%), bran (13%) and cereal fiber
(11%). The study design characteristics for studies examining the top three fibers are also presented in
Table 1. Notably, resistant starch had a higher proportion of studies with a sample size of fewer than
10 subjects, while oligosaccharides were more often examined in studies of much larger sample sizes
and longer duration.



Nutrients 2017, 9, 125 6 of 21

Table 3 reports the frequency and percentage of three major microbiota outcomes: bacterial
composition (47% of studies), colonic/fecal pH (32%), and fermentation (76%). Fermentation is
further broken down by the specific measurement used to determine the degree of fermentation.
SCFA concentration (52%) and breath gas excretion (27%) were the most commonly measured
markers of fermentation, but others included bacterial enzyme activity, bile acid metabolism, and fecal
starch recovery.

Table 3. Microbiota outcomes (total studies = 188).

Outcome Group Studies (%)

Fermentation 142 (76%)
SCFA concentration 98 (52%)
Breath gas excretion 50 (27%)
Bacterial enzyme activity 18 (10%)
Bile acids 15 (8%)
Fecal fiber/starch recovery 13 (7%)

Bacterial composition 88 (47%)
Colonic/fecal pH 60 (32%)

Figure 1 is a weighted scatter plot of the microbiota outcomes by fiber group. It provides a visual
representation summarizing the research activity in this field. For example, while SCFA concentration
and bacterial composition are studied often, fewer and less sizeable studies measure breath gas
excretion and other markers of fermentation. Specific gaps in the research are readily identified.
Notably, we can see that there are currently no published studies examining the effect of a high fiber
whole-diet intervention on bacterial composition of the microbiota. This plot also shows active areas of
interest. We can see, for example, that a large number of relatively larger studies have been published
on bacterial composition and oligosaccharide interventions.
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Figure 1. Weighted scatter plot of microbiota outcomes by fiber group. Each bubble in the plot
represents a single publication with the size of the bubble corresponding to the study sample size.
Studies may be represented more than once throughout the plot if multiple fiber interventions or
outcomes were reported but are not repeated within any single cross-sectional area. Note that the
outcome effect is not represented in this graphic, i.e., this does not reflect the effect of the fiber on
the outcome.
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Figure 2 is a weighted scatter plot displaying the other physiological health outcomes captured in
this evidence map. Not surprisingly, gastrointestinal (GI) health, which includes measures of fecal
bulking, laxation, and transit time, is very frequently studied along with the gut microbiota, but there
is less evidence on satiety, adiposity, and blood pressure. There is also just one study published so far
examining bone health in the context of dietary fiber and the gut microbiota, a very new emerging
area of interest. Supplementary Materials Figures S1 and S2 present weighted scatter plots similar to
those in Figure 2, restricted by study duration. The acute studies (Figure S1) exclusively examine the
short-term fermentation response by measuring SCFA concentration and/or breath gas excretion, most
frequently in cereal fibers, whereas studies of greater duration (Figure S2) examine more outcomes
in a larger array of fiber types. Notably, however, there are no longer duration (>4 weeks) studies on
resistant starch.
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Figure 2. Weighted scatter plot of other physiological health outcomes by fiber group. Each bubble in
the plot represents a single publication with the size of the bubble corresponding to the study sample
size. Studies may be represented more than once throughout the plot if multiple fiber interventions or
outcomes were reported but are not repeated within any single cross-sectional area. Note that the outcome
effect is not represented in this graphic, i.e., this does not reflect the effect of the fiber on the outcome.

We extended our evidence mapping of the fiber–microbiota research landscape by examining
one of the most active areas in more detail: oligosaccharide interventions and bacterial composition.
There were 26 studies (from 25 publications) on this topic. Three of the studies utilized a dose of
antibiotics to specifically examine the use of oligosaccharides to assist recolonization of the gut, and, for
comparison purposes, we excluded these from this sub-analysis. Details of the remaining 23 studies are
shown in Table 4. Studies were published between 1996 and 2015, and all were randomized controlled
trials (9 parallel, 14 crossovers). Intervention durations ranged from 1 to 12 weeks, and sample size
ranged from 15 to 136 (mean of 46) subjects. Notably, only one study recruited subjects that were
overweight with metabolic syndrome, and one study recruited subjects that were overweight, while
all the other studies reported on healthy subjects. Most studies had a similar age range, but there was
one study in children and one specifically in older adults.
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Among these 23 studies, there are 26 fiber interventions: eight fructooligosaccharides (FOS), nine
galactooligosaccharides (GOS), six arabinoxylan-oligosaccharides (AX-OS), two xylo-oligosaccharide
(XOS), and one soybean oligosaccharide. All but one study found a bifidogenic effect of
oligosaccharides, with doses as small as 1.4 g/day (XOS) and a range of treatment forms, including
tablets, beverages, and whole foods. Many studies also examined oligosaccharide impacts on
Lactobacilli or Lactobacillus–Enterococcus frequency, with 19 studies reporting no effect, three reporting
a positive effect, and one reporting a negative effect. Few publications reported decreases in bacterial
strains/species, but among those that did, it was most often Bacteroides, with four studies finding
a significant decrease in response to a GOS intervention. However, two intervention studies found no
effect of GOS on Bacteroides, five interventions using other oligosaccharides also found no effect, and
one XOS intervention found a significant increase in Baceroides fragilis. There were a number of other
strains/species reported; however, it is important to note that some studies used targeted culturing
techniques, whereas others used DNA sequencing to attempt to identify all species present.

Table 5 summarizes the other physiological outcomes examined within these studies. Ten out of
the 26 interventions also significantly increased markers of fermentation, but only one intervention
had a significant effect on fecal bulking, and only two had significant effects on transit time. Of the
other physiologic outcomes examined in these studies, most were related to GI health. Only a few
studies measured lipids, glucose, or insulin, and of those that did, only one study found a significant
effect on total cholesterol and insulin.
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Table 4. Characteristics of oligosaccharide interventions and direction of evidence on bacteria composition.

Reference n Design Duration
Age,

Mean
(Range)

% Male BL
Health

BMI,
Mean

(Range)

Fiber Type
(g/Day) Form Control Method Bacterial Composition Reported

Measures

[35] 20 RCT, P,
DB

12 days (22–39) 50 Healthy NR FOS (12.5) NR (3 oral
doses)

Saccharose placebo Stool (whole), Wilkins-Chalgren agar,
Beerens’ medium

↑ Bifidobacteria
NS Total anaerobes

[36] 40 RCT, P 7 days 29.6
(18–47) 45 Healthy NR

FOS (2.5, 5,
10, 20) Powder Saccharose powder Stool (whole), Wilkins-Chalgren,

Beeren’s medium
↑ Bifidobacteria (at doses 5–20 g)
NS Total anaerobes

[37] 15
RCT,

C, DB 3 weeks NR ~47 Healthy NR FOS (2.5) Biscuits Matched biscuits
without FOS

Stool (partial), PCR-DGGE (denaturing
gradient gel electrophoresis), fluorescent in situ
hybridization (FISH)

NS Bifidobacteria
NS Lactobaccilli
NS Lactose-fermenting enterobacteria
NS Total enterobacteria
NS Enterococci

GOS (2.5) Biscuits

NS Bifidobacteria
NS Lactobaccilli
NS Lactose-fermenting enterobacteria
NS Total enterobacteria
NS Enterococci

[38] 136 RCT, P,
DB

7 days ~30
(~18–54) ~41 Healthy NR

FOS (2.5,
5.0, 7.5, 10)

NR (2 oral
doses)

Sucrose and fully
digestible

maltodextrin placebo

Stool (partial), Wilkins-Chalgren agar.
Beerens’s medium, Bacteroides Bile Esculin
agar, Lactobacillus agar, MRS agar, and
McConkey agar

↑ Bifidobacteria
NS Total anaerobes
NS Lactobacillus
NS Baceroides
NS Enterobacteria

GOS (2.5,
5.0, 7.5, 10)

NR (2 oral
doses)

↑ Bifidobacteria
NS Total anaerobes
NS Lactobacillus
NS Baceroides
NS Enterobacteria

SB-OS (2.5,
5.0, 7.5, 10)

NR (2 oral
doses)

↑ Bifidobacteria
NS Total anaerobes
NS Lactobacillus
NS Baceroides
NS Enterobacteria

[39] 39 RCT, P,
DB

30 days 60.4 0 Healthy NR FOS (7)
Cereal bars
and gelified

milk

Matched cereal bars
and gelified milk

without FOS

Stool (partial), temperature-gradient gel
electrophoresis (TTGE), FISH

↑ Bifidobacterium spp.
↑ Bifidobacterium Animalis and
related species
NS Bacteroides and relatives
NS Clostridium coccoides-Eubacterium
rectale cluster
NS Faecalibacterium prausnitzi
subgroup
NS Lactobacillus-Enterocococcus group
NS Atopobium group
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Table 4. Cont.

Reference n Design Duration
Age,

Mean
(Range)

% Male BL
Health

BMI,
Mean

(Range)

Fiber Type
(g/Day) Form Control Method Bacterial Composition Reported

Measures

[40] 34
RCT,

C, DB 2 weeks 27.7 100 Healthy 23.2 FOS (20)
Beverage

(lemonade)
Matched lemonade

with sucrose placebo
Stool (whole), RT-qPCR

↑ Bifidobacteria
↑ Lactobacilli
NS E. coli

[41] 40 RCT, P 7 days 29 ~45 Healthy NR
FOS (2.5,

5.0, 7.5, 10) Tablet
Sucrose and fully

digestible
maltodextrin placebo

Stool (partial), Wilkins-Chalgren agar, Beerens‘
medium, MRS agar, BBE agar, McConkey agar

↑ Bifidobacteria (all doses)
↑ Total Anaerobes (10 g only)
NS Lactobacilli
NS Bacteroides
NS Enterobacteria

[42] 30
RCT,

C, DB
7 days 36.3

(21–59) ~40 Healthy NR GOS (3.6, 7)
Powder,

mixed with
water

Matched sucrose
placebo powder Stool (whole), FISH

↑ Bifidobacterium
↑ Clostridium perfringens- histolyticum
subgroup (3.6 g only)
NS Lactobacillus-Enterococcus spp.
NS Bacteroides-prevotella

29
32.5

(19–55) ~45 Healthy NR GOS (7)
Powder,

mixed with
water

Matched powder
without GOS

↑ Bifidobacterium
↓ Bacteroides-prevotella
NS Lactobacillus-Enterococcus spp.
NS Clostridium
perfringens-histolyticum subgroup

[43] 44
RCT,

C, DB 10 weeks
69.3

(64–79) ~36 Healthy (22–31) GOS (5.5)
Powder,

mixed with
water

Matched
maltodextrin placebo

Stool (partial), FISH

↑ Bifidobacterium spp.
↑ Lactobacillus-Enterococcus spp.
↑ Clostridium coccoides-Eubacterium
rectale group
↓ Bacteroides spp.
↓ Clostridium histolyticum group
↓ Escherchia coli
↓ Desulfovibrio spp.

[44] 64 RCT, P,
DB

30 days 33 (22–51) ~41 Healthy NR FOS (5)
Powder, used
to prepare a

jelly

Commercial dessert
(jelly, lemon flavored)

Stool (partial), Beerens’ agar, Chromocult
Coliform agar, Slanetz and Bartley medium,
Rogosa agar, Wilkins-Chalgren anaerobe agar
with 5% (v/v) defibrinated horse blood and
G-N anaerobe selective supplement (OXOID),
Perfringens agar with D-cycloserine.

↑ Bifidobacterium spp.
↓ Total coliforms
↓ Escherichia coli
NS Total aerobes
NS Enterococcus spp.
NS Total anaerobes
NS Bacteroides spp.
NS Lactobacillus spp.
NS Clostridium perfringens
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Table 4. Cont.

Reference n Design Duration
Age,

Mean
(Range)

% Male BL
Health

BMI,
Mean

(Range)

Fiber Type
(g/Day) Form Control Method Bacterial Composition Reported

Measures

[45] 20 RCT,
C 3 weeks 24 30 Healthy 20.9 AX-OS (10)

Beverage
(orange juice

drink)

Matched
maltodextrin placebo

beverage

Stool (partial), real-time PCR, real-time PCR
TaqMan, real-time PCR SYBR Green technology

↑ Bifidobacteria
↑ Bifidobacterium adolescentis
↓ Lactobacilli
NS Total bacteria
NS Roseburia-Eubacterium rectale
NS Enterobacteria

[46] 39
RCT,

C, DB 3 weeks
58.9

(50–81) ~46 Healthy 26.1
(19.7–38.4) GOS (~8)

Beverage
(orange juice

drink)

Matched placebo
beverage

Stool (partial), quantitative PCR, FISH

↑ Bifidobacterium
↓ Bacteroides
NS Total bacteria
NS Lactobacillus
NS Escherichia coli
NS Eubacterium rectales group
NS Clostridium histolyticum group

[47] 60 RCT, P,
DB 4 weeks

~20
(18–24) ~43 Healthy ~21.3 X-OS (5)

Beverage
(orange juice

drink)

Matched wheat
maltodextrin placebo

beverage
Stool (partial), quantitative PCR

↑ Bifidobacterium
NS Lactobacillus
NS Peptostreptococcus
NS Clostridium
NS Firmicutes
NS Bacteroidetes
NS Faecalibacterium prausnitzii
NS Roseburia spp.

[48] 27
RCT,

C, DB 3 weeks 25 ~37 Healthy 20.9
AX-OS
(2.14)

Wheat/rye
bread

Matched wheat/rye
or refined wheat
bread, no AX-OS

Stool (partial), FISH

↑ Bifidobacterium
NS Total bacteria
NS Lactobacillus
NS Lactobacillus rods
NS Enterobacteriaceae
NS Clostridium
histolyticym/lituburiense

[49] 63
RCT,

C, DB 3 weeks 42 ~52 Healthy 23.3
AX-OS (2.4,

8)

Beverage
(non-carbonated

soft drink)

Placebo beverage
with 0.25 g tricalcium
phosphate, no AX-OS

Stool (partial), FISH,
4′-6-diamidino-2-phenylindole (DAPI)

↑ Bifidobacterium (8 g only)
NS Total bacteria
NS Lactobacilli
NS Faecalibacterium prausnitzii
NS Clostridium
histolyticum-lituseburense
NS Roseburia-Eubacterium rectale

[50] 40
RCT,

C, DB
21 days 31.4

(18–55) 50 Healthy 23.3
(18.5–30.0) AX-OS (2.2) Wheat/rye

bread
Matched wheat/rye

bread without AX-OS
Stool (whole), FISH

↑ Bifidobacterium spp.
↑ Escherichia coli
↑ Lactobacillus-Enterococcus
↑ Total bacteria
↑ Bacteroides
NS Clostridium histolyticum group
NS Atopobium-Coriobacterium group
NS Eubacterium rectale group
NS Roseburia-Eubacteria
NS Faecalibacterium prausnitzii cluster
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Table 4. Cont.

Reference n Design Duration
Age,

Mean
(Range)

% Male BL
Health

BMI,
Mean

(Range)

Fiber Type
(g/Day) Form Control Method Bacterial Composition Reported

Measures

[51] 65
RCT,

C, DB
21 days 53.1

(18–75) 46 Healthy 27.8
(18.5–35.0)

AX-OS (2.2,
4.8)

Wheat-based
ready-to-eat

cereal

Wheat-based
ready-to-eat cereal

without AXOS
Stool (partial), FISH

↑ Bifidobacterium (4.8 g only, significant
dose trend)
NS Total bacteria
NS Lactobacillus spp.
NS Bacertoides
NS Clostridium coccoides
NS Roseburia intestinalis- Eubacterium
rectale group
NS Faecalibacterium prausnitzii
NS Clostridium clusters I and II

[52] 48
RCT,

C, DB 12 weeks ~44.6 36
OW,

metabolic
syndrome

~31.4 GOS (5.5)
Powder,

mixed with
water

Maltodextrin placebo Stool (partial), FISH

↑ Bifidobacteria
↓ Bacteroides spp.
↓ Clostridium histolyticum group
↓ Desulfovibrio spp.
NS Total bacteria
NS Lactobacillus-Enterococcus spp.
NS Clostridium coccoides-Eubacterium
rectale group
NS Atopobium cluster
NS Eubacterium cylindroides
NS Eubacterium hallii
NS Beta-proteobacteria
NS Clostridium cluster IX
NS Faecalibacterium prausnizii cluster

[53] 28
RCT,

C, DB 3 weeks 9.8 (8–12) 64 Healthy NR AX-OS (5.0) Beverage
Placebo beverage

with 0.25 g tricalcium
phosphate, no AX-OS

Stool (partial), FISH

↑ Bifidobacteria
NS Clostridium
histolyticum/lituseburense
NS Faecalibacterium prausnitzii
NS Lactobacillus/Enterococcus
NS Roseburia/Eubacterium rectale
NS Total bacteria

[54] 32 RCT, P,
DB 8 weeks

~32.4
(21–49) ~34.4 Healthy ~24.6

XOS (1.4,
2.8) Tablet Maltodextrin placebo Stool (partial), 16 rRNA gene sequencing,

pyrosequencing

↑ Bifidobacterium
↑ Total anaerobic flora
↑ Bacteroides fragilis (2.8 g only)
↑ Faecalibacterium (2.8 g only)
↑ Akkermansia (2.8 g only)
↓ Enterobacteriaceae (placebo only)
NS Lactobacillus
NS Clostridium
NS Clustering

[55] 44 RCT, P,
DB 14 d

~37
(18–60) 50 OW

~26.5
(25–28) GOS (12.0)

Beverage
(oolong tea)

Matched beverage
with glucose

Stool, real-time quantitative PCR ↑ Bifidobacteria
NS Total bacteria
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Table 4. Cont.

Reference n Design Duration
Age,

Mean
(Range)

% Male BL
Health

BMI,
Mean

(Range)

Fiber Type
(g/Day) Form Control Method Bacterial Composition Reported

Measures

[56] 40
RCT,

C, DB 10 weeks 70 (65–80) 38 Healthy NR GOS (5.5)
Powder,

mixed with
water

Maltodextrin placebo Stool (partial), FISH

↑ Bifidobacterium spp.
↑ Bacteroides spp.
NS Atopobium cluster
NS Clostridium coccoides/E. rectale
NS Clostridium histolyticum group
NS Desulfovibrio spp.
NS Escherichia coli
NS Lactobacillus/Enterococcus spp.
NS Faecalibacterium prausnitzii
NS Roseburia/Eubacterium rectale
NS Total bacteria

Abbreviations: AX-OS, arabinoxylan-oligosaccharides; BL, baseline; C, crossover; DB, double-blind; FOS, fructooligosaccharides; GOS, galactooligosaccharides; MS, metabolic syndrome;
NR, not reported; NS, no significant change; OW, overweight; P, parallel; RCT, randomized controlled trial; SB-OS, soybean oligosaccharides; X-OS, xylo-oligosaccharides; ~denotes a value
that was calculated or estimated from the data available in the publication; ↑ significantly increased; ↓ significantly decreased.
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Table 5. Other outcomes reported in oligosaccharide interventions reporting on bacterial composition.

Reference Fiber Type Evidence of Fermentation Evidence of Fecal Bulking Evidence of Changes in Transit Time Evidence of Other Changes in Host Physiology

[35] FOS S NS – S: GI symptoms (mild bloating)
NS: Fecal pH

[36] FOS NS – – S: GI symptoms (excess flatus)
NS: Fecal pH

[37] FOS S – – NS: GI symptoms

GOS S – – NS: GI symptoms

[38] FOS – – NS NS: GI symptoms, fecal pH

GOS – – NS NS: GI symptoms, fecal pH

SB-OS – – NS NS: GI symptoms, fecal pH

[39] FOS – – – –

[40] FOS S S – S: GI symptoms (flatulence and intestinal bloating)
NS: fecal water pH

[41] FOS – – – S: GI symptoms
NS: fecal pH

[42] GOS – – – –

GOS – – – –

[43] GOS – – – NS: Total and HDL cholesterol#

[44] FOS – – – S: GI symptoms

[45] AX-OS – NS – NS: Total, LDL, and HDL cholesterol #

[46] GOS – – – NS: GI symptoms, stool consistency #

[47] X-OS S – – NS: Stool consistency #

[48] AX-OS S – S NS: Stool consistency #

[49] AX-OS S – NS NS: Total energy intake, total and LDL cholesterol #, stool consistency

[50] AX-OS S – – –

[51] AX-OS S NS NS NS: LDL cholesterol #, fasting insulin and glucose, stool consistency

[52] GOS – – – S: Total cholesterol and insulin
NS: LDL, and HDL cholesterol, triglycerides, or fasting glucose

[53] AX-OS S – NS NS: GI symptoms

[54] X-OS NS – NS NS: Fecal pH, GI symptoms

[55] GOS – NS S
S: Satiety, total energy intake
NS: Weight/Adiposity

[56] GOS S NS NS –

Abbreviations: AX-OS, arabinoxylan-oligosaccharides; FOS, fructooligosaccharides; GOS, galactooligosaccharides; NS, no statistically significant health benefit was observed;
S, a significant effect was observed; SB-OS, soybean oligosaccharides; X-OS, xylo-oligosaccharides; # No significant effect of intervention, but the effect was in a direction opposite to
providing a health benefit.
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4. Discussion

Observational/epidemiologic evidence shows that diets higher in fiber are associated with
reduced risk of certain chronic diseases, such as heart disease, diabetes, and obesity [3,57], and
these may be related to the effect of dietary fiber on the gut microbiota [4,5]. However, the present
evidence map reveals that there is insufficient data from well-controlled dietary fiber interventions
that study the gut microbiota in relation to intermediate risk factors of cardiometabolic disease or in
relation to chronic conditions such as obesity. In fact, we found little evidence on the intersection of
dietary fiber, the microbiota, and adiposity. Much of the current literature has shown positive effects
of dietary fiber on gut function or beneficial bacterial species, or positive effects of dietary fiber on
specific health outcomes, but few seem to be directly measuring these outcomes together, to provide
evidence of a dietary fiber-modulated gut microbiota and health outcome [58,59].

Over the last 25 years, there has been a rapid increase in interest on dietary fiber and the
microbiota, particularly with respect to prebiotics, such as oligosaccharides and inulin, as well as
chemically synthesized fibers such as Polydextrose (PDX), soluble corn fiber, and PolyGlycopleX
(PGX). From this map, we can see that the most actively researched fibers are oligosaccharides,
resistant starch, and chemically synthesized fibers, followed closely by inulin, bran, and cereal fiber
(Table 2), and the most common measures of the gut microbiota are SCFA concentration and bacterial
composition (Table 3). The fiber and outcome most frequently studied together were oligosaccharides
and bacterial composition, and we, therefore, examined these studies in more detail in summarizing
our evidence map.

Oligosaccharides are short-chain saccharide polymers, generally made up of 3–10 carbohydrate
monomers [60,61], and are known for their prebiotic activity. Prebiotics are defined as non-digestible
foods that, when metabolized, alter the composition and/or activity of the microbiota in a such a
way that promotes the health of the host [4,62,63]. Randomized controlled trials have consistently
shown that oligosaccharides, and FOS in particular, increase Bifidobacterium (Table 4), a genus of
oligosaccharide fermenting gut bacteria that may be beneficial to human health [64–66]. Despite the
considerable number of studies showing this bifidogenic effect, few have actually examined direct
relationships of this modulation of the gut microbiota to other physiological health outcomes. In our
sub-analysis on oligosaccharides, we found that only five [43,45,51–53] of the 26 oligosaccharide
interventions measuring bacterial composition also measured changes in lipids, and only two [51,52]
measured glucose and insulin response. Additionally, only one study [52] found a small statistically
significant beneficial effect on total cholesterol and insulin, while the rest found no beneficial effect.
These findings are consistent with reviews by McRorie et al. [67–70], which conclude that clinical
evidence does not support a link between soluble, non-viscous, readily fermentable fibers (such as
oligosaccharides) and physiological health benefits on cholesterol, glycemic control, or laxation. Rather,
these benefits are attributed to the physical properties of soluble, viscous/gel-forming fibers that are
not readily fermented (such as beta glucan and raw guar gum).

However, readily-fermented fiber types, such as oligosaccharides and resistant starch, may
have other important physiologic effects via the metabolites produced from microbial fermentation.
The most studied products of fermentation are SCFAs, mainly butyrate, propionate, and acetate [25].
Up to 95% of SCFAs are absorbed by the colonocytes of the large intestine [20], and recent evidence has
shown that they may play a role in health and prevention of disease, such as bowel disease, colon cancer,
and metabolic syndrome [20,24–26]. SCFAs have been shown to affect gut health, immune function,
energy metabolism, stimulation of the sympathetic nervous system, and serotonin release [4,7,20].

This evidence map also highlights areas where evidence is lacking. For instance, high-fiber
diet interventions, where total dietary fiber was increased from a variety of sources, have the least
number of publications. As more emphasis is put on the importance of dietary patterns rather than
individual foods or food components [71], more whole-diet intervention studies need to be conducted
to understand how these relationships among diet, the gut microbiota, and health work in the context
of a whole diet. With respect to microbiota outcomes, fewer studies have measured bacterial enzyme
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activity, which may be more important than simply measuring changes in the bacterial composition
because some strains or species may alter their function, and, therefore, their metabolites, in response to
changes in the gut environment rather than their absolute number. Well-controlled human intervention
trials incorporating “next generation” metagenomics, meta-transcriptomics and metabolomics will
be vital to further understanding these changes in microbial activity. In addition, the microbiota
composition or activity may be altered in people with chronic diseases such as obesity [58], and future
research should consider whether diet may have differential effects depending on underlying health
status. Based on this evidence map, the majority of fiber research on the gut microbiota was conducted
in healthy adults (81%).

The definition of fiber has been a moving target, and fibers, being one of the most heterogeneous
groups of associated molecules, have been categorized in many different contexts, including by
source, structure, or physical properties (solubility, fermentability, etc.). Further, fibers may be
delivered/consumed as isolated supplements, but they are more often consumed intact in whole foods
(such as in raw fruits and vegetables), or in processed foods (including processes such as cooking,
milling, and baking). The food matrix is important to consider because other components of the food,
such as phytochemicals, may provide synergistic effects [72,73], and the degree of processing can alter
the structure and physical attributes of the fiber [70]. All of these factors contribute to the type and
extent of microbial utilization [28]. Therefore, it is important for future studies to describe the dietary
fiber intervention in as much detail as possible, and, where applicable, define the characteristics of the
fibers being studied.

Creating an updatable evidence map of microbiota-related outcomes allows researchers to obtain
a more global view of the research landscape, including its history, current trajectory, and specific
areas or research questions lacking data or consensus. Since the Dietary Fiber Database used for this
evidence map captures literature going back to 1946, it is important to note that the literature in the
database often represents evolving knowledge about particular fiber types. This is both a strength and
limitation of the database and the evidence mapping process overall, and it highlights the importance
of reviewing the totality of available evidence. For instance, bran is well represented in the evidence
map, and although the effect of bran on the microbiota was of interest in earlier publications, it is now
well-established that insoluble bran is not very readily fermented and may have less of an effect on the
microbiota. Instead, interest has shifted toward more fermentable fibers such as the prebiotics and
chemically synthesized fibers.

Unlike systematic reviews, which generally address a narrower, focused question with extensive
quality analysis and risk of bias assessment, the primary goal of evidence mapping is to identify
patterns and provide a broader context within which systematic reviews may occur. As such, in
Tables 4 and 5, we did not provide information on effect size of the significance, as this information
was not reported in the published fiber database [33]. Furthermore, because of the complex nature
of dietary fiber and the size of the literature on dietary fiber, the database which this evidence map
is based on has some inherent limitations, which are detailed in a separate publication [33]. Notably,
the database was limited to publications in PubMed, and studies were only included if there was
a well-defined dietary fiber intervention with a concurrent control. Further, because this database was
designed to specifically capture certain health outcomes, other publications of interest to microbiota
research may not be represented.

A major strength of this evidence map is that it is a cost effective way of summarizing the
data on dietary fiber and the gut microbiota. For instance, the data presented in Tables 4 and 5
may be used to guide future work, such as a meta-analysis, which would provide more specific
information to quantify statistical significance. We were able to use a previously created database in
order to efficiently identify potentially relevant literature. Although we closely reviewed the subset
of relevant literature identified via the database, we saved significant resources in conducting initial,
broad searches which would inevitably yield a large amount of irrelevant literature to screen through.
The result is a‘useful platform to visualize the current evidence, which can be used to summarize the
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volume of existing research, generate new hypotheses, direct systematic reviews and meta-analyses,
and can be continually updated.

5. Conclusions

In conclusion, this evidence map summarizes the existing literature on dietary fiber interventions
and the human gut microbiota. This is a rapidly growing area of interest, but well-controlled human
interventions are needed to support the associations being seen in animal and observational studies.
We hope that this evidence map will provide a resource for researchers to direct new intervention
studies and meta-analyses.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/9/2/125/s1,
Table S1: Inclusion/Exclusion Criteria. Supplementary Methods. Figure S1: Acute studies: weighted scatter plot
of other microbiota outcomes by fiber group presents weighted scatter. The acute studies exclusively examine the
short-term fermentation response by measuring SCFA concentration and/or breath gas excretion, most frequently
in cereal fibers. Figure S2: Longer duration studies: weighted scatter plot of other microbiota outcomes by fiber
group. Studies of greater duration examine more outcomes in a larger array of fiber types. Notably, however,
there are no longer duration (>4 weeks) studies on resistant starch.
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