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Fiber supplementation influences phylogenetic structure and functional
capacity of the human intestinal microbiome: follow-up of

a randomized controlled trial’™

Hannah D Helscher, J Gregory Caporaso, Seema Hooda, Jennifer M Brulc, George C Fahey Jr, and Kelly § Swanson

ABSTRACT

Background: In our published randomized, double-blind, placebo-
controlled, 3-petiod crossover trial, healthy adult men (r = 21)
consumed bars containing no supplemental fiber (placebo; NFC), poly-
dextrase {21 g/d), and soluble com fiber (SCF; 21 gfd) for 21 d each.
Fecal specimens were collected between days 16 and 21 for fermentative
end-product analysis and 168 sibosomal RNA bacterial gene amplification
for bacterial taxa identification. Fiber sopplementation decreased fecal
putrefaction compounds and shified abundances of several bacterial taxa.
Objective: The objective was to perform whole-genome shotgun
454 pyrosequencing cn the same fecal specimens collected in that
clinical trial to obtain comprehensive fecal bacterial genome se-
quencing coverage and explore the full range of bacterial genetic
information in the fecal microbiome, thereby using a systematic
approach to study the impact of dietary fiber supplementation on
fecal metabolites, bacterial taxa, and bacterial melagenomes.
Design: Fecal samples were subjected to whole-genome shotgun 434
pyrosequencing to identify both fecal bacterial populations present
and their functional genetic capacity.

Results; Whole-genome shotgun sequencing results revealed that fiber
consupaplicn shified the Bacteroidstes:Fimnicutes ratio, increasing the
relative abundance of Bacteroidetes 12 = 2% and 13 + 2% with
polydextrose and SCF, respectively, compared with NFC. Bivariate
correlations shewed 2 positive correlation between the Bacteroidetes:
Firmicutes ratio and total digtary fiber intake but not body mass index.
Principal coondinates analysis of Bray-Curtis dislances indicated that
bacterial gene composition was more similar in participants consining
fikers {polydextrose and SCF combined) in comparison with NFC.
Shifts in bacterial gene abundances after polydextrose and SCF sup-
plementation included genes associated with carbohydrate, amine acid,
and lipid metabolism, as well as metabolism of cofactors and vitamins.
Conclusion: This study conveys novel information about the impact
of dietary fiber supplementation cn the phylogenetic siructure and
functional capacity of the fecal microbiome of healthy adults, This
trial was registered at clinicaltrials.gov as NCT02091349. Am ]
Clin Mutr 2015,101:55-64.,

Keywords fiber, gastrointestinal microbiota, melagenome, micro-
biome, prebiotic

INTRODUCTION

The humar gastrointestinal microbiome is estimated to contain
up to 1000 different microbial strains and 100-fold more genes

than the human genome. Recently, microbiome perturbations have
been asscciated with some of the most pressing public health
issues, including obesity, cardiovascular disease, and type 2
diabetes (1-3). Similarly, low dietary fiber intake is positively
associated with increased risk of obesity, cardiovascular disease,
and type 2 diabetes (4-7). Nearly 90% of Americans fail to meet
the recommended dietary reference intake amount for fiber
(38 g/d for men and 25 g/d for women), with average intakes
ranging from 12 to 18 g/d (8, 9).

Microbiome diversity and composition are influenced by
a number of factars. Although several studies have investigated
the influences of disease, age, and geography on the gastroin-
testinal microbiome {10, 11}, the impact of diet remains largely
undeninvestigated (12). Insights into how diet influences the
composition and functionzl capacity of the gastrcintestinal
microbiome are emerging; however, few well-controlled clinical
trials have used a systematic approach to siudy the impact of
dietary fiber supplementation on gastrointestinal bacterial taxa,
bacterial metagenomes, and metabolites. Therefore, a critical
next step in this research area is to characterize how dietary fibers
shift gastroimtestinal microbial populations and their functional
capacity in healthy adults. Qur study is ameng the first to in-
vestigate the impact of dietary supplementation of specific fibers
on the gastrointestinal bacterial populations and bacterial met-
agenomes of healthy adults.

Polydextrose and soluble corn fiber (SCF® are soluble fibers
that are poorly digested {<30% digested) by human alimentary
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petformed on collapsed KO category data on a per-metagenome
basis. Bray-Curtis distances were computed between all samples
at all KQ levels at an even sampling depth of B462 sequences per
sample, resulting in distance matrices between all samples for
each level in the KO hierarchy. All other analyses were performed
by using all sequences but filtering samples that contained fewer
than 84562 sequences,

Reprocessing of amplicon data also was performed with QIIME
1.6.00. Read quality was fourd to drop considsrahly at 420 bases,
50 all 454 amplicon reads were truncated after position 420. Se-
quences were subsequently demultiplexed and quality filtered
with split_libraries.py by using defauit parameters. The resulting
sequences were clustered into operational taxonomic units (OTUs)
with an open-reference OTU picking protocol, where reads were
first clustered against the Greengenes 12_10 reference OTUs
(97% similarity threshold against the Greengenes 97% OTUs),
and reads chat failed to hit the reference database were clustered
de novo. This was performed with pick_subsampled_reference_
otus_through_otu table.py. Weighted and unweighted UniFrac
distances were computed between all pairs of samples at an even
sampling depth of 2893 sequences per sample. All other analyses
were performed by using all sequences but filtering samples
that contained fewer than 2893 sequences. Although very low-
abundance OTUs may be important, they may not be observed
due to limited sampling depth (19).

Statistics

Bacterial taxa data generated from whole-genome shotgun
sequencing accounting for =0.1% of total sequences for each
respective taxonomic hierarchical level were analyzed by using
the mixed-models procedure of SAS, whereby ireatment was
a fixed effecy, and participant and period were random effects.
Post hoc Tukey adjustments were used to control for muttiple
comparison. Data normality was tested with the UNIVARIATE
procedure and the Shapiro-Wilk statistic; log transformations were
used as needed. Bivariate correlations (Pearson's 1) between
bacterial phyla, total dietary fiber (dietary fiber plus 21 g SCFAd,
21 g polydextrose/d, and O g NCF/d), and BMI were also assessed.
A probability of P < 0.05 was accepted as statistically signifi-
cant, and a probability of P < 0.10 was considered a trend.

Shotgun and amplicon sequence compositional comparisons
were performed with patrwise 2-tailed, 2-sample Monte Carlo
¢ tests with 1000 iterations, All comparisens were made by com-
paring the distribution of within- and between-category differ-
ences. For example, to determine whether NFC, polydextrose,
and SCF were significantly different in their L4 KO composition,
we compared the distribution of all within-sample type distances
{i.e., distances from NFC samples 10 other NFC samples, polydexirase
samples to other polydextrose samples, and SCF samples 1o other
SCF samples} with the distribution of between-sample type dis-
tances (i.e., distances from NFC samples to polydexirose samples,
NFC samples to SCF samples, and polydextrose to SCF samples).
For ezch Monte Carlo iteration, the sample type labels were shuffled,
and the P value was computed as the fraction of ¢ statistics based
on shuffled labels that were more extreme than the actual
¢ statistic, The false discovery rate correction was used to comrect
for multipte comparisons within the metagenomics data analysis,
and all P values presented are comected for multiple compari-
sons. Qur significance was set at g = 0.05. Qur false discovery

rate-corrected P values are referred to as g values throughout
the text.

RESULTS

Fecal bacterial DNA extracted from the 60 fecal specimens
was subjected 1o whole-genome shotgun pyrosequencing on a
Roche GS FLX+ platform for metagenomic analysis. A total of
19,866,919 sequences were generaied, with a mean * SD of
228,536 * 53,698 reads per sample. Whole-genome shotgun
pyrosequencing identified 28 bacterial phyla, 279 families, and
715 genera in the adult male fecal samples. Although a number
of taxa were identified at each taxonomic level, anly a few ac-
counted for the majority—meore than 80% of the sequences at
each National Center for Biotechnology Information taxonomic
hierarchy were made up of 2 phyla, 10 families, and 16 genera,
respectively. Conversely, 20 phyla, 191 families, and 443 genera
made up less than [% of total sequences at those taxonomic
levels.

Polydextrose and SCF supplementation shified the relative
abundance of the 2 dominant phyla, the Bacteroidetes and
the Fitmicutes, The abundance of the Firmicutes phylum was
lower (P < 0.001) when men consumed polydextrose (56%) and
SCF (55%) than when they consumed NEC (68%) (Table 2).
There was a subsequent increase (P << 0.001) in the relative
abundance of fecal Bacteroidetes for polydextrose and SCF
(36% and 38%, respectively) compared with NFC (25%). Bi-
variate correlations showed a significant positive correlation
between the Bacteroidetes:Firmicutes ratio and total dietary fi-
ber intake (r = 0.45, £ = 0.003; Figure 1A). This correlation
was maintained when adjustmients were made for caloric intake;
total fiber per kilocalorie was positively comelated with the
Bactercidetes: Firmicutes ratio (- = 0.39, £ = 0.0023; Figure 1B).
The Bacteroidetes:Firmicutes ratio was not significantly related
to BMI {r = 0.06, P = 0.64; Figure 1C).

Information on predominant families within the 6 representative
bacterial phyla is also presented in Table 2. Ameng Firmicutes,
the Clostridia class constituted ~90% of sequences, being domi-
nated by Ruminococcacese, Lachnospiraceae, Eubacteriaceae,
and Clostridiaceae families. The proportions of Rominococcaceas,
Lachnospiraceae, and Eubacterisceae decreased (F << 0.03) with
polydexirose and SCF supplementation. Within Bacteroidetes,
the Bacteroidia class constitsted ~ 98% of sequences, being domi-
nated by Bacteroidaceae, Porphyromonadaceae, Prevotellaceae,
and Rikenellaceae families. Polydextrose and SCF supplementation
increased (P << 0.001) the proportion of Porphyromonadaceae.
Among Actinobacteria, Bifidobacteriaceae and Coriobacteriaceae
families dominated. Fecal Coriobacteriaceae was lower (P < 0.05)
with fiber supplementation.

A number of shifts also were present at the genus level {Table 3).
Most notably, fiber supplementation resulted in a 4.9 * 1% and
5.3 = 1% decrease (P < 0.03) in Eibacterium and a compensatory
increase (P << 0.05) of 5.2 *+ 1% and 6.3 = 1% in the proportion
of Parabacteroides with polydextrose and SCF, respectively.
Roseburia, Ruminococeus, PDorea, and Lachnospiraceas also were
significantly reduced (P < (.05} after fiber supplementation,

Principal coordinates analysis (PCoA) of weighted UniFrac
distances between samples based on their 97% OTU composition
and abundances (Figure 2A} indicated that gut microbial com-
munities were more similar within individuals consuming fiber
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TABLE 2
Predominant fecal bacterial phyla and familics present in adult men'

Treaiment, % of sequences

Phylum and family NEC PDX SCF Pooled SEM
Firmicutes 682"  56.3% 554 205
Ruminococcaceae 26.3° 228" 20 1.21
Lachnospiraceze 147" 10.2° 10.3° 0.70
Eubacteriaceae 1.3 642" oG04t 1.27
Clostridizceae 7.25 197 .57 045
Veillonellaceae 1.13 143 1.3 042
Acidaminococcacess 1.32 1.50 1.71 0.24
Erysipelotrichaceae 1.23 1809 147 0.13
Clostridiales unclassified 095 057 90 006
Bacteroidetes 247" 36.3° ]0" 2.13
Bacteroidaceae 15.9 203 183 1.95
Porphyromonadacene 210" 744* g4t 077
Prevotellacene 286 461 7.10 1.7
Rikenellaceae 3.21 3.9 323 361
Flavebacteriaceae 0.39 048 0.50 0.08
Proteobacteria 2.34 2.1 275 025
Enteroharteriaceas 0.42 0.25 0.62 0.18
Actinobacteria 2.50 1.93 1.85 64.28
Bifidobacteriaceas 1.08 0.89 0.89 0.22
Coriobacteriaceae 116 079" o7t 0.1
Verrucomicrobia 0.67 1.29 0.4Q 0.43
Verrucomicrobiaceae 0.66 1.26 0.38 044
Fusobacleria 018" 0.18* 16" 0.01
Fusobacteriacese 0,15 0.14 0.12 ool

'values are least squares means and pooled SEMs determined by using
ANOVA with post hoe Tukey adjustments, n = 21, **Means in a row without
a common seperscapt kener differ, P < 0.05. *YMeans in a row without
a common superscript letter tend 1o differ, £ < 0.08. NFC, nonfiber control;
PDX, pelydextrose; SCF, soluble corn fiber.

(i.e., polydextrose and SCF combined) or control (NFC) diet
categoties (7 = —3.5; P << 0.001, 2-tailed, 2-sample Monte Carlo
¢ test with 100{ iterations) than across categories. Alternatively,
when the abundance of bacterial species was not accounted far,
as was the case in the unweighted UniFrac PCoA in Figure 2B,
distances between samples based on their 97% OTU composition
indicated that OTU composition was not more similar within
diet categories than across categories (¢t = (.7; P = (1534, 2-tailed,
2-sample Monte Carlo ¢ test with 1000 iterations).

Shotgun metagenomics was next applied to characterize the
impact of fiber supplementation on the metabelic capacity of the
humnan gastrointestinal mictobiota. Microbial gene content was
determined by mapped sequencing reads to the KEGG database.
Through use of this method, bacterial enzymes were mapped onto
known metabolic pathways. Of the 53% of sequences that were
mapped ta the reference database, 20% contained a KO anno-
tation. Ag the level 2 crthology, the most represented functional
categories were in the metabolism aed environmental infor-
mational processing lineages (Supplemental Table 1). At level 2,
14% of the reads were attributed to carbohydrate metabolism, 9%
to amine acid metabolism, 4% to metabolism of cofactors and
vitamins, and 2% to lipid metabolism. Five level 2 KEGG pathways
were significantly affected by dietary treatments (P = 0.007;
g < 0.05). In the metabolism category, fiber supplementation
had the highest abundance of genes in xenobiotic bicdegradation
(mean polydextrose: 0.17%; mean SCF: 022%; mean NFC:
0.14%; ¢ = 0.0108, £ = 0.0004) and enzyme families (mean

polydextrose; 3.5%; mean SCF: 3.7%; mean NFC: 3.3%; ¢ = 0.014,
P = 0.0015). Energy metabolism genes were enriched with
polydextrose supplementation (mean polydextrose: 4.9%; mean
SCF: 4.6%; mean NFC: 4.7%; g = L.038, P = 0.0034). The
proportion of genes classified within cellular precessing and
signaling was present in the highest gbundance in the 2 fiber
groups {mean polydextrose: 7.7%; mean SCF: 7.8%; mean NFC:
7.3%; ¢ = 0.0398, P = 0.007), Membrane transpor represented
the greatest proportion of identified genes within the environ-
mental information-processing lineage. We observed that in-
dividuals consuming supplemental fiber had a reduced number
of microbial genes in the membrane transport lineage {mean
polydextrose: 9.0%; mean SCF: 8.9%; mean NFC: 9.9%; g = 0011,
P = 0.0008),

At level 3, 27 pathways were affected by dietary treatment
(P < 0.008; ¢ < 0.05) (Supplementsl Table 2). Primary
pathways continued to cluster in the metabolism and environ-
mental information-processing lineages. Level 3 pathways af-
fected by diet also were classified within genetic information-
processing and unclassified level 1 orthologies. Membrane
teansporters within the environmental information-processing
lineage accounted for the largest proportion of level 3 genes
significantly shifted by dietary treatment (mean polydexirose:
8.4%; mean SCF: 8.2%; mean NFC: 9.0%; ¢ = 0.029, P =
0.0026). Amino acid metabolism, including peptidases, ac-
counted for the largest significant enrichment in the metabolic
pathway genes after fiber supplementation (mean polydextrose:
2.9%; mean SCF: 3.1%; mean NFC: 2,7%; g = 0.00M, P <
0.0001). Four levet 3 amine acid metabolism categories (Sup-
plemental Table 2) were significantly (P < 0.008, ¢ < 0.05)
affected by weatment: glycine, serine and threonine metabolism,
and phenylalanine metabolism were increased with fiber sup-
plementation; histidine metabolism genes were depleted after
polydextrose and enriched with SCF compared with NFC,; and
tryptophan metabolism genes were depleted after fiber supple-
meniation (Supplemental Table 2}. Within carbohydrate me-
tabolism, butanoate metabolism was depleted 15% and 20% with
polydextrose and SCF, respectively, compared with NFC, and the
difference in the means was statistically significant (polydextrose:
041%; SCF: 0.37%: NFC; 047%; P = 0004, g = 0.032).

Level 4 KO analysis identified 183 enzyme funciion groups
that were different (g < 0.05) when participants consumed fibers
(polydextrose and SCF combined) compared with NFC. PCoA
of Bray-Curtis distances between samples based on their L4 KO
composition (Supplemental Figure 1) indicated that level 4 KO
composition was mote similar in participants consuming fiber
supplementation (polydextrose and SCF combined)} compared
with NFC (r = —5.5; P < 0.001, 2-tailed, 2-sample Monte Carlo
t test with 1000 iterations). When all 3 groups were compared,
87 KOs were different (P < 0.05; ¢ < (.05) (Supplemental
Table 3). PCoA of Bray-Curtis distances between samples based
on their level 4 KO composition (Figure 3) indicated that KO
composition is more similar within diet categories {(i.e., NFC or
polydextrose or SCF) {7 = —4.3; P < 0.001, 2-tailed, 2-sample
Monte Carlo ¢ test with 1000 iterations), Of those, 19 clustered
within general metabolic pathways, 10 in microbial metabolism
in diverse environments, & in biosynthesis of secondary metab-
olites, 5 in ABC transporters, 4 in 2-component systems, 4 in
starch and sucrose metabolism, 4 in purine metabolism, and 3 in
sulfur metabolism. Protein metabolism pathways included those
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FIGURE 1 Scatterplets depicting relationships between the Bacteroidetes:Firmicntes ralio and 1atal dietary fiber intake (dietary fiber + 21 g .PDK{CL ?:] £
SCE/, or 0 g NFC/8 (A), total dietary fiber intake per kilocalorie per day (B), and BMI (C). Statistical telationships were determined by using bivariale
correlations (Pearson's 7}, and a probability of P < 0.05 was accepted os statislically significant; = = 21. NFC, no fiber control; PDX, polydextrose; SCF,

soluble com fiber

for protein digestion and absorption; histidine, tyrosine, valine,
leucine, and iscleucine degradaiion; glycine, serine, and threcnine
metabolism; cysteine and methionine tetabolism; and biosynthesis
of amino acids. Vitamin B metabolic pathways also were rep-
resented, including pantothenate and ceenzyme A biosynthesis,
as well as pyrimidine and thiamine metabolism.

Heattnaps were created based on the 25 (Figure 4), 50
{Supplemental Figure 2), and 100 (Supplemental Figure 3}
levei 4 KOs that were most significantly different acress diet
categories by using ANOVA. Heatmaps were presented on an
individual basis based on the 25 (Supplemental Figure 4), 50
{Supplemental Figure 5), and (00 {Supplemental Figure 6)
level 4 KOs that were most sighificantly differeat across diet
categories by using ANOVA, Metabolism pathway genes accounted
for the largest preportion (45%) of the top 100 level 4 KO gene
shifts after dietary treatments, with carbohydrate metabolism (11},

enzyme families {11), nucleotide metabolism (4), metabolism of
cofactors and vitamins categories (4), amino actd metabolism
(3), lipid (2}, and energy (4) accounting for a total of 39 of all
significant differences. Envirenmental information-processing
level 1 categories also had a number of significant shifts (12) afier
fiber supplementation, including transporters (6) and 2-component
systemns (4). Twelve genetic information-processing differences
were observed with transeriptional (3) and translational (3) genes
accounting for most changes in this category. Eleven KOs were
categorized as poorly characterized or fonction unknown,
Assessing the level 4 genes based on the differences in relative
abundance of gene counts across diet categories revealed that when
all 3 treatment proups were compared, glycine betine/proline
transport system permease protein (K02001), an ABC transporter,
demonstrated the greatest enrichment after fiber supplementation.
There was an 18-fold increase with polydextrose supplementation
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TABLE 3
Predominznt fecal bacterial phyla and genera present in adult men'

Treatment, % of sequences

Phylum and genus NFC  PDX SCF  Pooled SEM
Firmicutes
Faecalibacterium 1646 148 14.6 106
Eubacterium 1nr 63" 594 1.28
Clostridiim 716 7.83 7.50 0.44
Ruminococcis 887 665" 606° 0.53
Rosaburia 3800 233° 2.40% 04§
Subdeligraniiwn 242 L.73 1.77 029
Lachnospirdcede bacterium 2090 1.54° 1397k 0.11
Coprococcus 1.70 1.34 1.15 0.20
Phascolarclobacteriin .02 117 1.36 0.23
Dialister 0.71 0.B3 1.32 0.42
Dorea 132 o81*  ogt 012
Undefined Clostridiales 0.92 0.83 (.88 0.06
Blawiia 0.59 0.54 .58 0.03
Butyrivibrio 0.56 0.39 0,56 0.11
Anaerotruncus 0.47 0.57 .49 006
Marvinbryantia 047 0.45 345 .02
Eubacierium 0.3 0.33 .35 .08
Undefined Lachnospiraceae 0.40° 0,33 03(° 0.62
Bacilluy Q.25 0.25 .26 0.02
Lactobaciflus .20 0.18 ng 0.0l
Bacteroidetes
Bacieroides 15.9 20.3 18.3 1.95
Parabaciervides 166" 683 7.94° 0o
Prevorella 270 4.41 6.91 1.68
Alistipes i kAL 323 0.6l
Protesbacieria
Escherichia 0.30 0.13 046 0.56
Actinobacteria
Bifidobacterium 1.08 0.48 0.38 022
Coltinsella® 074 043 0.43 0.10
Verrucomicrobia
Akkermansia 0.65 1.25 0.38 0.44
Fusobacteria
Fusobacterium 0.1 0.82 .11 a.q0

Yalues are least squates means and pooled SEMs determined by using
ANOVA with post koc Tukey adjustments, » = 21, Means in a row witkout
a common superscript letter differ, P < 0.001. NEZ, nonfiber cantrol; PDX,
polvdextrose; SCF, soluble com fiber.

3NFC tended to be greater than PDX and SCF (F < 0.08).

and a 13-fold increase with SCF compared with NEC, and the
difference in the means was statistically significant (polydextrose;
0.021%, SCF: 0.015%, NFC: 0.001%; £ = 0,001, ¢ = 0.021). In
addition, the ABC transporter molybdate transport system ATP-
binding protein (K05776) was increased 3-fold with fiber sup-
plementation (polydexirose: {1.026%, SCF: 0.028%, NFC: 0.005%;
P =0.001, g = 0.0235). Conversely, 2 sulfate transporter protein
genes were present in the lowest abundances in the NFC, and the
difference in the means was statistically significant for each
wransporter {K02047 polydextrose: 8.020%, SCF: (.018%, NFC:
0.039%; P = 0.001, g = 0.042; K02048 polydextrose: 0.007%,
SCF: (.009%, NFC: 0.021%; P = 0.001, g = 0.017).

In the metabelism-related pathways, trehalose 6-phosphate
synthase (KC0697), an enzyme in the starch and sucrose me-
tabolism pathways, was increased by 6- and 10- fold for poly-
dextrose and SCF. respectively (polydextrose: 0.015%, SCE:
0.025%, NFC: 0.002%; P = 0,001, ¢ = 0.027). Conversely, an
endoglucanase (K01179) also classified in starch and sucrose

metabolism was reduced i.6-fold with fiber supplementation
(polydextrose: 0.079%, SCF: 0.079%, NFC: 0.130%; P = 0.001,
¢ = 0,407). N-acylglucosamine 2-epimerase (K01787), an en-
zyme involved in amino sugar and nucleotide sugar metabolism,
also was increased 4-fold with fiber supplementation (g = 0.0412).
Glyoxylate reductase {(X00015), which is invelved in carbohy-
drate metabolism—specifically, glyoxylate and dicarboxylate
metabolism—was increased by 3- and 4-fold for polydextrose
and SCF, respectively (g = 0.0307). There also was a 1.8- and
2.5-fold increase in K00239, a tricarboxylic acid cycle gene
involved in succinate debvdrogenase regulation, with SCF and
pelydextrose, respectively (polydextose: 0.037%, SCF: 0.051%,
NFC: 0.021%; P = 0.001, ¢ = 0.446), In addition, in the metab-
olism pathway, a number of peptidases were enriched (g < 0.03)
2- to 9-fold with fiber supplementation (KO01278, K03592,
K03568, K01284, KO41372, and K07263).

Conversely, several genes involved in carbohydrate metabo-
lism demonsmrated significant depletion with fiber supplemen-
tation with statistically significant differences in the means, We
observed a 1.7-fold reduction of a protein invelved in wehalose
biosynthesis (K02438: polydexwose: 0.035%, SCF. 0.033%,
NEC: 0.058%; P =0.001, g =0.0403) and a 3.3-fold reduction in
a sugar fermentation protein (K06206: polydextrose: 0.010%,
SCF: 0.016%, NFC: 0.033%; P = 0.001, g = 0.0401) with fiber
supplementation. polydextrose and SCF supplementation also
resulted in a 2.3- and 2.0-fold reduction in a fructose-specific
transporter gene {KOZ770), respectively (polydexirose: 0.044%,
SCF: 0.050%, NFC: 0,099%: P = 8.001, 4 = 0.0118). In the
amino acid related enzymes, a ransfer RNA synthase (K01876)
was depteted by 19% and 38% with polydextrose and SCF, re-
spectively (polydextrose: 0.142%, SCF: 0.109%, NFC: 0.175%;
P = 0001, g = 0.0123).

When polydextmose and SCF treatments were combined and
compared with NFC, similar changes were noted in level 4 KOs,
However, some gene enrichments after fiber supplementation
were detected only when the 2 fiber groups were combined; 1)
a transcarbamylase {K13043) involved in arginine and proline
metabolism increased §3-fold {g = 0.0457); 2) fumarate hydratase
(KO01679), a tricarboxylic acid cycle enzyme, increased 3.7-fold
(g = 0.0262); 3) an ABC rransporter, glycine betaine/proline
transport system permease protein (K02002), increased 3.7-fold
(g = 0.0352); and 4} a membrane dipeptidase (K01273) was
enriched 3.6-fold (g = 0.0431).

DISCUSSION

Whole-genome shotgun sequencing data demonstrated that dietary
fiber supplementation induced changes in the gastrointestinal micro-
biome of healthy adults. A shift in the Bacteroidetes:Firmicutes
ratic was observed when participants consumed polydextrose and
SCF, and changes in bacterial populations were associated with
shifts in the bacterial metagenome. Notably, we detected sepa-
rations of treatment groups when visualized with PCoA plots when
individuals consuming 21 g polydextrose or SCF per day were
compared with those consuming NFC with both bacterial population-
based analyses and bacterial metagenome-based analyses.

Phylogenic composition was compared by using UniFrac, a
B-diversity measure {20). The PCoA of weighted UniFrac distances,
which accounts for the differences in abundance of taxa, be-
tween samples based on their 97% OTU composition indicated
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Fiber man meets microbial man'=

Fergus Shanakan

What a privilege it was to have attended a [zcture by the late
Denis Burkitt when audiences were fed large boluses of wit and
wisdom. Even skeptics were impressed by his passion and per-
suasiveness, Tony Epstein found inspiration when he anended
a seminar by Burkitt and credited it as a tuming point in the dis-
covery of the Epstein-Barr virus (1). The genius of this great
Irishman included more than his rigorons epidemiologic insights
into the lymphoma now bearing his name; he will prebably always
be linked with dietary fiber {2), Despite limitations, Burkiil's
epidemiology was more penetrating than simple risk factor ep-
idemiology because he attempted a rapprochement of observa-
tions with disease mechanisms. However, great minds occasionally
get things wrong, or 5o it seemed with Burkitt, when revisionists
reassessed the role of dietary fiber in certain disorders of the
digestive tract. For a time, it seemed fair game to criticize
Burkitt’s health claims for fiber. In one critical commentary
(3}, the authors concluded that “fiber may appear in decline as
a factor in a multitude of diseases, but do not count it out yet.”
Curiously, a comprehensive understanding of the influence of
dietary fiber on host pathophysiclogy has still not bean achieved.
Mechanistic explanations of the apparent health benefits of fiber
have been simplistic, but perhaps we have been looking in the
wrong place or at the wrong read-outs,

The article by Holscher et al. (4) in this issue of the Journal is
welcome, in part because it represents a well-executed, appro-
priately controlled intervention with 2 forms of fiber (polydex-
trose and soluble com fikeer) in humans and because it looks at
the microbiota beyond a description of compaosition toward
functional capacity, showing the complexity of fiber effects,
and has implications for the interpretation of previous studies.
The study challenges the concept and definition of what consti-
tutes g prebiotic effect. To their credit, the authors do not em-
phasize the term “prebiotic,” the definition of which is outdated
and too narrow because it fails to encompass the effects of fiber
on microbial composition and function that are not limited to
lactobacilli and bifidobacteria (5).

Whole-genome shotgun sequencing showed that dietary fiber
shifted the Bacteroidetes:Firmicutes ratio toward that previously
associated with healthy lean rather than overweight subjects, and
this was independent of caloric restriction. Both forms of added
fiber altered microbial community structure rather than introduc-
ing or removing existing community members. As expected, en-
hanced metabalic function, particularly related to carbohydrate
metabolism, was evident in the fiber-supplemented groups.
Less predictable were the changes in genes involved in lipid

Editorial

See carresponding article on page 55.

and B-vitamin metabolism in addition to amino acid metabolism,
including peptidases and transporters, which represented the larg-
estenrichment in metabolic pathway genes after fiber supplemen-
tation. This provides a plausible explanation for the reduction in
putrefactive compounds associated with fiber intake. Of course,
the changes in functional capacity of the micrabiome are com-
plex and not all are seemingly beneficial. For example, the data
of Holscher et al, {4) show a significant depletion of bacterial
butyrate metabolism gene abundances in those individuals sup-
ptemented with both forms of fiber. This is again at odds with
simplistic, umidimensional concepts of prebiotics.

Research on the human microbiome is growing rapidly, with
contributions by investigators across disparate traditional disci-
plines. This enhances the collaborative potential and impact of
sharing data but requires a level of standardization and consis-
tency 10 ensure reproducibility of data. Hence, recommendations
with regard to the adherence to fundamental methodology are
timely (5). Accurate inmterpretation and aveidance of overstate-
ment of data from microbiome studies also require an awareness
of the limitations of current analytic technology. For example,
Holscher et al. observed sirikingly diffarent results in quantify-
ing the Bacteroidetes phylum when comparing their earlier 168
gene—based approach with their current whole-gerome shotgun
sequencing on the same samples (4). The investigators acknowl-
edge the sources of bias in their own work and in metagenomic
studies in general, which inciude not only methedologic varia-
tions but also an inherent potential bias in databases and analylic
methods. At a clinical level, comparative and collaborative stud-
ies of the microbiome vsing samples from different populations
will have to control for many environmental or lifestyle vari-
ables, the most important of which seems to be dietary. For
example, the interpretation of a microbiome study in elderly
humans in different living conditions would have been seriously
confounded, and the dominant effect of food diversity would
have been missed, if the details of dietary intake had not been
recorded (7).
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