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a b s t r a c t

Background: Prebiotic dietary fibers resist digestion in the upper gastrointestinal tract and allow for
stimulation of bacteria in the distal intestine and colon. Stimulation of bacteria among different in-
dividuals varies greatly, depending on a wide range of variables.
Objective: To determine the range of differences in response between individuals, a preclinical in vitro
fermentation was conducted with six fecal donors. The primary objective was to compare the fecal
microbiota of six individuals at baseline, 12 h and 24 h post-exposure to partially hydrolyzed guar gum
(PHGG).
Method: Fecal donations were collected from six healthy individuals consuming a non-specific Western
diet, free of antibiotic treatments in the past year, not affected by any GI diseases and not consuming any
probiotic or prebiotic supplements. Fecal samples were exposed to 0.5 g of PHGG and measured for
bacterial changes at 0, 12 and 24 h based on 16S rRNA sequencing.
Results: Parabacteroides increased from 3.48% of sequence reads to 10.62% of sequence reads after 24 h
(p ¼ 0.0181) and Bacteroidetes increased from 45.89% of sequence reads to 50.29% of sequence reads
(p ¼ 0.0008).
Conclusions: PHGG stimulates growth of Parabacteroides, a genus of bacteria that have been inversely
associated with IBS and ulcerative colitis. PHGG provides stimulation of beneficial Bacteroidetes (Bac-
teroides and Parabacteroides), which may be correlated with many positive health markers and outcomes.
PHGG is a prebiotic dietary fiber that is readily fermentable.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Fiber consumption in the U.S. is approximately half of the rec-
ommended intake, with the average U.S. individual only consuming
about 17 g/d [1]. Dietary fiber with prebiotic capacity offers a
healthful, practical way to bridge the gap between consumption
and recommended intake. Dietary fiber supplements can offer
some of the same physiological benefits as dietary fiber found
intact in foods [2]. When consumed in adequate levels, dietary fiber
has been shown to help maintain a healthy body weight [3],
improve cardiovascular health [4e6], support overall digestive
health [7], and support the overall growth of the intestinal micro-
biota [8].

The intestinal microbiota have a tremendous impact on overall
health, and have been recently shown to have a significant impact
on the host's metabolism, immune system capacity andmany other
pathways affecting overall host health [9e11]. Recent studies have
also found many associations between many diseases and the
host's microbial composition, including: metabolic syndrome,
diabetes, and many gastrointestinal diseases [12e15]. The gut
microbiome and it's correlation to health and disease is a quickly
revolving, dynamic area of research. Next-generation sequencing
and other advanced sequencing technologies have provided new
insight into this rapidly expanding field, and have allowed efficient
and effective ways to analyze the thousands of diverse taxa within
the human gastrointestinal tract [16,17].

Partially hydrolyze guar gum (PHGG) is a dietary fiber made
from the controlled hydrolysis of guar gum, composed of both
mannose and galactose monomers, and is commonly consumed as
both a dietary fiber supplement, as well as in foods. PHGG has been
shown to alleviate irritable bowel syndrome (IBS) due to its non-
gelling effects [18] and has been shown in randomized, cross-
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over clinical studies to increase satiety [19,20]. In a four-week
clinical feeding study where participants consumed 20 g/d of
PHGG researchers found an overall decrease in total serum
cholesterol, an increase in fecal weight and a lower fecal pH
without influencing key nutrient absorption. In vitro models have
shown that PHGG supports the growth of Bifidobacterium and
Lactobacillus, two genera of bacteria that have been associated with
many health outcomes [21,22].

This paper is a follow-up of previously published work from our
laboratory that evaluated the differences in fermentation rates
between six individuals' fecal microbiota all exposed to PHGG in an
in vitro fermentation model, with the primary objective of showing
the differences in short chain fatty acid (SCFA) synthesis and total
gas production, and found over a 2-fold difference in total SCFA
production in 24 h [23]. The current study has the objective of
determining key changes and individual differences among six in-
dividual's fecal microbiota exposed to PHGG in an in vitro
fermentation model. To the authors' knowledge, this is the first
in vitro model with six individuals to show the short-term effects of
PHGG on the fecal microbiota.
2. Materials

Fiber analyzed in this study was partially hydrolyzed guar gum
(Benefibra™, Novartis Consumer Health Spa Origgio, Varese, Lom-
bardy, Italy). PHGG is a dietary fiber made from the controlled
hydrolysis of guar gum from the guar plant Cyamoposis tetragono-
lobus, composed of both mannose and galactose monomers. PHGG
is a soluble, non-viscous fiber often incorporated into both foods
and beverages. Chemical reagents used were provided by Ther-
moFisher Scientific (ThermoFisher Scientific Inc., Waltham, MN,
USA), Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA) and Oxy-
rase (Oxyrase Inc., Mansfield, OH, USA).
3. Methods

3.1. Donor information

Healthy fecal donors (male and female) were selected to
represent a wide range in age (21e68) and BMI (19.5e33.6) for
representative samples from a population (Table 1). Donors were
selected based on screening questionnaire and previous
participation.
3.2. Fecal collection

Fecal samples were collected from six healthy volunteers (5
males, 1 female) under anaerobic conditions from individuals (ages
21e68) consuming non-specific Western diets, free of any anti-
biotic treatments in the last year, not affected by any GI diseases
and not consuming any probiotic or prebiotic supplements. Fecal
samples were anaerobically collected within 10 min of the start of
the fermentation, and homogenized immediately upon collection.
All data and samples collected were done in accordance with
University of Minnesota policies and procedures.
Table 1
Demographic characteristics of six fecal donors.

Donor 1 Donor 2 Donor 3 Donor 4 Donor 5 Donor 6

Age 31 68 60 24 22 21
Sex Male Male Female Male Male Male
BMI 23.7 33.6 19.5 26.3 24.7 23.0
3.3. Fermentation

Fiber samples (0.5 g) were hydrated in 40 mL of prepared sterile
tricase peptone fermentation media in 100 mL serum bottles,
capped, and incubated for 12 h at 4 �C. Following incubation, serum
bottles were transferred to a circulating water bath at 37 �C and
allowed to incubate for 2 h. Post-collection, fecal samples were
mixed using a 6:1 ratio of phosphate buffer solution to fecal sample.
After mixing, obtained fecal slurry was combined with prepared
reducing solution (2.52 g cysteine hydrochloride, 16 mL 1 N NaOH,
2.56 g sodium sulfide non anhydride, 380 mL DD H2O) at a 2:15
ratio.10mL of the prepared fecal inoculumwas added to each of the
serum bottles, 0.8 mL Oxyrase® was added, flushed with CO2,
sealed, and then immediately placed in a 37 �C circulating water
bath. Samples were prepared in triplicate and analyzed at 0, 12 and
24 h. Upon removal at each time point, total gas volume was
measured. Then samples were divided into aliquots for analysis and
1 mL of copper sulfate (200 g/L) was added to cease fermentation.
All samples were immediately frozen and stored at �80 �C for
further analysis.

3.4. DNA extractions

Fecal bacteria DNA from the in vitro system were extracted us-
ing a PowerSoil DNA Isolation Kit (MO BIO Laboratories, Inc.)
following provided operating instruction, including bead beating
for 20 min.

3.5. Primary/secondary PCR amplification

The V1eV3 region of the 16S rRNA was amplified using a two-
step PCR protocol. The primary amplification was done using an
ABI7900 qPCR machine. The following recipe was used: 3 ml tem-
plate DNA, 0.48 ml nuclease-free water, 1.2 ml 5� KAPA HiFi buffer
(Kapa Biosystems, Woburn, MA), 0.18 ml 10 mM dNTPs (Kapa Bio-
systems, Woburn, MA), 0.3 ml DMSO (Fisher Scientific, Waltham,
MA), 0.12 ml ROX (25 mM) (Life Technologies, Carlsbad, CA), 0.003 ml
1000� SYBRGreen, 0.12 ml KAPA HiFi Polymerase (Kapa Biosystems,
Woburn, MA), 0.3 ml forward primer (10 mM), 0.3 ml reverse primer
(10 mM). Cycling conditions were: 95�C for 5 min, followed by 20
cycles of 98�C for 20 s, 55�C for 15 s, and 72�C for 1min. The primers
for the primary amplification contained both 16S-specific primers
(V1_27F and V3_V34R), as well as adapter tails for adding indices
and Illumina flow cell adapters in a secondary amplification. The
following primers were used (16S-specific sequences in bold):
Meta_V1_27F (TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGA-
GTTTGATCMTGGCTCAG) and Meta_V3_534R (GTCTCGTGGGC-
TCGGAGATGTGTATAAGAGACAGATTACCGCGGCTGCTGG).

The amplicons from the primary PCR were diluted 1:100 in
sterile, nuclease-freewater, and a second PCR reactionwas set up to
add the Illumina flow cell adapters and indices. The secondary
amplificationwas done on a fixed block BioRad Tetrad PCRmachine
using the following recipe: 5 ml template DNA, 1 ml nuclease-free
water, 2 ml 5� KAPA HiFi buffer (Kapa Biosystems, Woburn, MA),
0.3 ml 10 mM dNTPs (Kapa Biosystems, Woburn, MA), 0.5 ml DMSO
(Fisher Scientific, Waltham, MA) 0.2 ml KAPA HiFi Polymerase (Kapa
Biosystems, Woburn, MA), 0.5 ml forward primer (10 mM), 0.5 ml
reverse primer (10 mM). Cycling conditions were: 95�C for 5 min,
followed by 10 cycles of 98�C for 20 s, 55�C for 15 s, 72�C for 1 min,
followed by a final extension at 72�C for 10 min. The following
indexing primers were used (X indicates the positions of the 8 bp
indices): Forward indexing primer: AATGATACGGCGACCACCGA-
GATCTACACXXXXXXXXTCGTCGGCAGCGTC and Reverse indexing
primer: CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTCTCGTGG-
GCTCGG.



Table 2
Combined changes across 24 h of fermentation for identified abundant taxa. Sig-
nificance was determined using the Kruskal-Wallis ANOVA test, testing the null
hypothesis that the location parameter of the groups of abundances for a given OTU
is the same, with multiple comparisons corrected using the FDR procedure. Samples
were analyzed between differentially represented OTUs for significant overall
changes, not between any two time points.

Targeted taxa (phlyum and genus) Baseline 12 h 24 h p-value

Actinobacteria 0.97 0.79 1.77 0.1294
Collinsella 0.78 0.68 1.64 0.0986
Adlercreutzia 0.03 0.02 0.02 0.6104

Bacteroidetes 45.89 52.32 50.29 0.0008
Bacteroides 27.12 36.13 33.05 0.1455
Parabacteroides 3.48 10.18 10.62 0.0181
Prevotella 0.83 0.30 0.18 0.6385
Odoribacter 0.53 0.14 0.18 0.0002
Paraprevotella 0.21 0.04 0.01 0.9877
YRC22 0.18 0.03 0.02 0.6477
Butyricimonas 0.13 0.03 0.04 0.0323

Firmicutes 44.87 39.33 40.43 0.0527
Blautia 2.48 1.34 1.32 0.1763
Faecalibacterium 1.59 1.10 0.93 0.0043
Ruminococcus 1.52 1.78 2.12 0.9829
Coprococcus 0.77 0.78 0.55 0.2631
Oscillospira 0.74 0.57 0.63 0.2303
Lachnospira 0.55 0.08 0.09 <0.0001
Phascolarctobacterium 0.51 2.32 2.31 0.0011
Dorea 0.27 0.13 0.27 0.0535
Streptococcus 0.19 0.06 0.07 0.0590
Dialister 0.18 0.14 0.16 0.5368
Clostridium 0.16 0.06 0.06 0.1235
Eubacterium 0.13 0.45 0.68 0.2619
Veillonella 0.12 0.07 0.08 0.6247
Ruminococcus 0.11 0.08 0.11 0.4163
Catenibacterium 0.08 0.17 0.16 0.5981
Roseburia 0.08 0.12 0.06 0.0906
Turicibacter 0.08 0.01 0.02 0.0239
SMB53 0.07 0.02 0.03 0.1632
Anaerostipes 0.06 0.75 0.94 0.9189

Proteobacteria 4.09 5.64 5.62 0.5850
Sutterella 2.36 3.97 3.60 0.6508
Bilophila 0.14 0.05 0.08 <0.0001
Haemophilus 0.10 0.05 0.03 0.0744
Oxalobacter 0.06 0.009 0.01 0.2984

Verrucomicrobia 0.51 0.90 0.81 <0.0001
Akkermansia 2.52 0.58 0.56 <0.0001
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3.6. Normalization and sequencing

The samples were normalized using a SequalPrep capture-resin
bead plate (Life Technologies, Carlsbad, CA) and pooled using equal
volume. The final pools were quantified via PicoGreen dsDNA assay
(Life Technologies, Carlsbad, CA) and diluted to 2 nM 10 ml of the
2 nM pool was denatured with 10 ml of 0.2 N NaOH, diluted to 8 pM
in Illumina's HT1 buffer, spiked with 15% phiX, heat denatured at
96�C for 2 min, and sequenced using a MiSeq 600 cycle v3 kit
(Illumina, San Diego, CA).

3.7. Sequence processing and analysis

Generated sequence data was processed and analyzed using
QIIME [24]. Fastq sequence data was processed with the University
of Minnesota's gopher-pipeline for metagenomics [25]. Sequence
data had adapters removed and sliding quality trimming window
by Trimmomatic [26]; primers removed and overlapping reads
merged by Pandaseq [27]. Within QIIME, chimera checking done
by chimera slayer, Open reference OTU picking completed with
Usearch61, taxonomic identification using GreenGenes (Version
13.8) reference database, rarefied to 14,393 sequences per sample.
Analysis was performed using R (R Development Core Team,
2012).

3.8. Statistical analysis

All statistical analysis was performed using R software (R
Development Core Team, 2012). Differences in means were deter-
mined using the Kruskal-Wallis ANOVA test, testing the null hy-
pothesis that the location parameter of the groups of abundances
for a given OTU is the same. Multiple comparisons were corrected
using the FDR procedure. Significance was set for p-values <0.05.

3.9. Consent

Voluntary informed consent was obtained from all fecal donors
prior to this study according to University of Minnesota policies and
procedures.

4. Results

Sequencing of the 16S rRNA genewas conducting using Illumina
MiSeq 2000 sequencing platforms at the University of Minnesota
Genomics Center. From the 6 fecal samples analyzed from the
in vitro system across 24 h of fermentation (6 fecal samples � 3
time points � 3 technical replicates ¼ 54 samples analyzed), there
were >30 million total sequences generated, representing 11 bac-
teria phyla and 416 OTUs at a 97% similarity threshold. Changes in
fecal microbiotawere analyzed for all six fecal donors in the in vitro
fermentation system at baseline, 12 and 24 h. Taxa with greater
than 0.05% overall abundance were summarized (Table 2). At
baseline, Bacteroidetes and Firmicutes were the most abundant
phyla of bacteria, consisting of approximately 90% of all sample
reads. Proteobacteria was the third most abundant phyla identified,
consisting of approximately 4% of the sample reads. Actinobacteria
and Verrucomicrobia accounted for less than 1% of all sequence
reads.

Across the 24 h of analysis, overall abundance of sequences of
Bacteroidetes increased significantly (p < 0.001) from approxi-
mately 45.9% of sequence reads at baseline to approximately
50.3% of sequences at 24 h. Firmicutes accounted for approxi-
mately 44.9% of total sequences at baseline, which decreased to
40.4% of sequence reads at 24 h (p ¼ 0.0527), trending
towards significance. Verrucomicrobia accounted for 0.51% of
sequence reads at baseline, and increased significantly over 24 h
to 0.82% of sequence reads at 24 h (p < 0.001), although still
accounted for less than 1% of all sequence reads. Similar shifts in
abundant phyla identified were similar for all fecal donors
(Fig. 1).

At the genus level, Bacteroides was the most abundant genus
in all samples, consisting of 27.1% of sequence reads at baseline,
which increased to 33.05% of all reads at 24 h (p ¼ 0.14) (Table 1).
Parabacteroides had the greatest stimulation, increasing from
3.48% of sequence reads at baseline to 10.18% of sequence reads
at 12 h and 10.62% at 24 h (p ¼ 0.0181). Odoribacter decreased
significantly from baseline compared to 24 h of fermentation,
decreasing from 0.54% at baseline to 0.18% after 24 h of
fermentation (p ¼ 0.002). Phascolarctobacterium increased
significantly from 0.51% at baseline to 2.31% after 24 h
(p ¼ 0.0011). The 19 most abundant genera of bacteria composed
>99% of all sequences analyzed (Fig. 2), which we identified in all
6 fecal donors.

Comparing ratios of Bacteroidetes:Firmucutes, each individual's
fecal microbiota responded much differently to PHGG after 12 h
and 24 h post-exposure (Fig. 3). The average percent reads of Fir-
micutes at baseline was 44.87% of total reads, although this varied
greatly from donor to donor, from as low as 29% of total reads, to as
high as 47%. After 12 h of fermentation, some donors' microbiota



Fig. 1. Identified abundant phyla based on percent of sequence reads at 0, 12 and 24 h of fermentation of PHGG for six fecal donors. Specified genera consisted of >99% of all sample
reads for each individual donor. Technical replicates listed for each fecal donor at each specified time of analysis. *PHGG (partially hydrolyzed guar gum).
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populations of Firmicutes increased, while some decreased as
much as 10% and some were unaffected. Firmicutes and Bacter-
oidetes population fluctuations were primarily specific to each
donor, with some overall similar trends.

Differences in analyzed microbiota were analyzed between
donors and across reference fermentation time points. The
Fig. 2. Identified abundant genera at 0, 12 and 24 h of fermentation of PHGG for six fecal do
Technical replicates listed for each fecal donor. *PHGG (partially hydrolyzed guar gum).
Unweighted Unifrac beta diversity PCoA plot, measuring dissimi-
larity between all sequence reads based their generated 99% OTU
composition, showed that across all measured time points that
samples were most similar to each donor, and not their time of
analysis (Fig. 4). Donors 1e3 (ages 31e68) were alsomore similar to
one another than donors 4e6 (ages 21e24).
nors. Specified genera consisted of >99% of all sample reads for each individual donor.



Fig. 3. Fluctuations in ratios of Bacteroidetes:Firmicutes at 0, 12 and 24 h of analysis based on percentage of total sequence reads for six fecal donors analyzed. Red (0 h), green
(12 h) and blue (24 h) indicate length of sample fermentation in vitro.
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5. Discussion

The increase of Parabacteroideswas themost significant increase
among all identified taxa, increasing from 3.48% of sequence reads
at baseline to 10.62% of sequence reads after 24 h of fermentation.
In a clinical study, oral administration of P. distasonis has been
shown to reduce severity of intestinal inflammation in induced
acute and chronic colitis inmurinemodels due to themodulation of
both immunity and microbiota factors [28]. Parabacteroides has
been identified as one of the most abundant genera of bacteria in
the human gastrointestinal tract [29]. Parabacteroides has also been
shown to be present in higher concentrations in healthy controls
compared to patients with IBS or ulcerative colitis, and it has been
speculated that this genera of bacteria may play an influential role
in the pathogenesis of both diseases [30]. Parabacteroides stimula-
tion has been considered to have a prebiotic effect due to their
preference to perform saccharolytic activity instead of proteolytic
activity [8,31].

PHGG has been extensively reviewed for the treatment of IBS
[32,33]. Briefly, PHGG has been shown to offer prebiotic activity due
to its increase in colonic SCFA production and stimulation of
Lactobacillus and Bifidobacterium [34,35] in two studies utilizing
culture-dependent and florescent in situ hybridization (FISH)
methods. Baseline Bifidobacterium and Lactobacillus sequence reads
were less than 0.01% of all sequence reads for each respective genus
in all six donors. Low bifidobacteria and lactobacilli counts could be
due to a wide variety of influential factors (age, stress, environ-
mental components) [36e40] or potentially due to the age of fecal
donors [39]. Other studies have found bifidobacteria to be found in
very low quantities, if found at all [41,42]. Metagenomic 16S rRNA
studies have often found under representation of bifidobacteria due
to potential biases in PCR primers and amplification, and have
found potential solutions using cpn60-basedmethods [43]. Because
of the low concentrations of these genera of bacteria in most
populations, it is imperative to analyze other abundant taxa of
bacteria using next-generation sequencing methods. PHGG
fermentation often doesn't support growth of these genera of
bacteria in in vitro models because it is the degraded products of
PHGG that support growth of these bacteria, which aren't formed in
in vitro models [35]. PHGG is enzymatically broken down into low
molecular weight galactomannan, which is the primary carbon
source for intestinal bacteria [44e46]. Galactomannan formation
from PHGG consists of a mannose backbone with galactose side
groups (mannose:galactose ~ 2:1) [47].

Odoribacter, Butyricimonas, Faecalibacterium, Lachnospira, Turi-
cibacter, Bilophila and Akkermansia populations all significantly
decreased after 24 h of exposure to PHGG (p < 0.05). Para-
bacteroides and Phascolarctobacterium populations significantly
increased after exposure to PHGG (p < 0.05). These shifts in tar-
geted genera allowed for a significant change in the ratio of Bac-
teroidetes:Firmicutes. The overall abundance of Firmicutes
decreased from 44.87% of sequence reads at baseline to 40.43% of
sequence reads after 24 h (p ¼ 0.0527). Bacteroidetes increased
from 44.89% of sequence reads at baseline to 50.29% of sequence
reads after 24 h (p ¼ 0.0008).

Various mouse models have shown lean mice to have increased



Fig. 4. Principal coordinates analysis (PCoA) of analyzed bacterial composition of
donor samples, including 0, 12 and 24 h samples for all donors. Identifications dis-
played as Unweighted Unifrac distances among all samples for respective donors
displayed based on their generated 99% OTU composition.
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ratios of Bacteroidetes:Firmicutes compared to obese mice [48,49].
In human intervention studies, similar increased ratios of Bacter-
oidetes:Firmicutes have been seen following weight loss [50],
although have been contradicted elsewhere [51]. A recent study has
also shown increased proportions of Bacteroidetes:Firmicutes ra-
tios with fiber supplementation, independent of caloric restriction,
which was associated with total fiber intake and not BMI [52].
PHGG, along with many other types of dietary fiber, may offer
feasible ways to increase Bacteroidetes in healthy individuals,
although the precise function of these bacteria still remains largely
unclear.

In conclusion, PHGG offers similar bacterial stimulation as other
dietary fibers, most notably similar in the stimulation of Para-
bacteroides and Bacteroidetes. PHGG is a fermentable, versatile fi-
ber that can be used in many applications as a way to help
consumers bridge the gap between recommended intake and
actual fiber intake, especially for consumers with IBS or related
issues, as PHGG supplementation has been shown to alleviate IBS
symptoms. PHGG offers stimulation of beneficial bacteria and
produces significant amounts of SCFA within 24 h of exposure to
microbiota, thus displaying effective prebiotic properties, and
potentially therapeutic effects.
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