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Table 5.2 Two-way analysis of similarity (ANOSIM) tests for differences in fecal 
microbiota communities according to fiber substrates across all time points. 

Group Pairing Ra Significance 
Level %b 

Quinoa TDF-49F & PMillet M/ET-82F 0.975 0.1 
Quinoa TDF-49F & Quinoa M/ET-71F 0.938 0.1 
Quinoa TDF-49F & FOS 1 0.1 
Quinoa TDF-49F & PMillet TDF-51F 0.975 0.1 
Quinoa TDF-49F & Quinoa MT-52FNSD 0.198 10.5 
Quinoa TDF-49F & Quinoa SFF-86F 1 0.1 
PMillet M/ET-82F& Quinoa M/ET-71F 0.975 0.1 
PMillet M/ET-82F&FOSNSD 0.667 0.3 
PMillet M/ET-82F& PMillet TDF-51F 0.975 0.1 
PMillet M/ET-82F& Quinoa MT-52F 1 0.1 
Quinoa M/ET-71F & FOS 0.988 0.1 
Quinoa M/ET-71F & PMillet MT-51F 1 0.1 
Quinoa M/ET-71F & Quinoa MT-52F 1 0.1 
FOS & PMillet MT-57F 1 0.1 
FOS & PMillet MT-51F 1 0.1 
FOS & Quinoa MT-52F 0.988 0.1 
FOS & Quinoa SFF-86F 1 0.1 
PMillet-51F& Quinoa SFF-86F 1 0.1 
a Global R-statistic = 0.883 b Bonferroni = 0.14% 
b Significance ≤ 0.1 & R ≥ 0.883 
NSD Pairs compared are not significantly different. 
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Figure 5.1 Bray-Curtis dissimilarity of fecal microbial communities after in vitro fermentation for 6, 12, and 24 h with treated fiber 
substrates.  QTDF=quinoa untreated TDF (49% Fermentable), PMIdEnSd= microwave+enzyme-treated pearl millet substrate (82% 
Fermentable), QIdEnSd= microwave+enzyme-treated quinoa substrate (71% Fermentable), FOS = fructooligosaccharides (100% 
Fermentable), PMIdSd= microwave-treated pearl millet substrate (57% Fermentable), PMTDF= pearl millet untreated total dietary 
fiber substrate (51% Fermentablea), None=blank, no fiber added, QIdSd= microwave-treated quinoa substrate (71% Fermentable), 
QSDF=microwave-solubilized fiber from quinoa (100% Fermentable). Ovals depict the 3 different clusters in which the samples 
grouped. 

Resemblance: S17 Bray Curtis similarity
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Figure 5.2 A-diversity indices, at species taxonomic level, of fecal microbiota 
communities after 24 h of in vitro fecal fermentation of treated fiber substrates from 
quinoa, pearl millet, and FOS.  Values are the average of triplicate samples. Error bars 
represent standard deviation of replicate measurements. NF = blank, fecal samples with 
no added fiber substrate; Quinoa TDF-49F = untreated total dietary fiber from quinoa (49% 
fermentable); Quinoa M/ET-71F = microwave+enzyme treated fiber substrate from 
quinoa (71% fermentable); PMillet-51F = untreated total dietary fiber from pearl millet 
(51% Fermentable); PMillet M/ET-82F = microwave+enzyme treated fiber substrate 
from pearl millet (82% fermentable). Margalef Species Richness is a measure of the total 
# of species detected. Shannon Diversity Index is a measure that accounts for abundance 
and evenness of each species detected in the microbial community.  
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Figure 5.3 Average abundance (# of sequences) of the key differentiating families in fecal 
microbiota communities incubated with FOS, quinoa, and pearl millet TDF substrates 
across all time points.  Genomic sequencing was performed on triplicate samples.  Error 
bars represent the standard deviation of replicate measurements.  Different letters within 
families indicate significant differences (P<0.05) between fecal microbial communities 
labeled by fiber substrate. 
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Figure 5.4 Average abundance (# of sequences) of the key differentiating families in fecal 
microbiota communities with TDF and M/ET substrates from quinoa and pearl millet 
across all time points.  Genomic sequencing was performed on triplicate samples.  Error 
bars represent the standard deviation of replicate measurements.  Different letters within 
families indicate significant differences (P<0.05) between fecal microbial communities 
labeled by fiber substrate; capital letters indicate differences between quinoa substrates, 
small letters indicate differences between pearl millet substrates. 
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Figure 5.5 Average abundance (# of sequences) of the key differentiating families in fecal 
microbiota communities incubated with FOS and M/ET substrates from quinoa and pearl 
millet across all time points.  Genomic sequencing performed on triplicate samples. Error 
bars represent standard deviation of replicate measurements. Different letters within 
families indicate significant differences (P<0.05) between fecal microbial communities 
labeled by fiber substrate. 

a 

c 

a 

a 

a 

b 

a 

b 

a 

a 

a 

b 
0 

2000 

4000 

6000 

8000 

10000 

Bacteroidaceae Bifidobacteria Lachnospiraceae Ruminococcaceae 

Av
er

ag
e 

ab
un

da
nc

e 
(#

 se
qu

en
ce

s)
 

Quinoa M/ET-71F PMillet M/ET-82F FOS 



 

 

146 

146 

 

Figure 5.6 Predominant bacterial species by family in fecal microbiota communities after in vitro fermentation for 24 h.  (A) 
Dominant species belonging to Bifidobacteriaceae family. (B) Dominant species belonging to Bacteroidaceae family. Genomic 
sequencing performed on triplicate samples. Data are presented as Average Abundance (# of sequences). Error bars represent standard 
deviation of triplicate measurements. NF = blank, fecal samples with no added fiber substrate; Quinoa TDF-49F = untreated total 
dietary fiber from quinoa (49% fermentable); Quinoa M/ET-71F = microwave+enzyme treated fiber substrate from quinoa (71% 
fermentable); PMillet TDF-51F = untreated total dietary fiber from pearl millet (51% Fermentable); PMillet M/ET-82F = 
microwave+enzyme treated fiber substrate from pearl millet (82% fermentable). 
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Figure 5.7 Predominant bacterial species by family in fecal microbiota communities after in vitro fermentation for 24 h.  (A) 
Dominant species belonging to Lachnospiraceae family. (B) Dominant species belonging to Ruminococcaceae family. Genomic 
sequencing performed on triplicate samples. Data are presented as Average Abundance (# sequences). Error bars represent standard 
deviation of triplicate measurements. NF = blank, fecal samples with no added fiber substrate; Quinoa TDF-49F = untreated total 
dietary fiber from quinoa (49% fermentable); Quinoa M/ET-71F = microwave+enzyme treated fiber substrate from quinoa (71% 
fermentable); PMillet TDF-51F = untreated total dietary fiber from pearl millet (51% Fermentable); PMillet M/ET-82F = 
microwave+enzyme treated fiber substrate from pearl millet (82% fermentable). 
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Figure 5.8 Percent abundance of the four key differentiating families that constitute the fecal microbiota communities of (A) Blank-No 
Fiber samples, and (B) Quinoa SFF-86F sample.  Data is presented as the % of total abundances that belong to each family. 
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Figure 5.9 Changes in average abundance of each major bacterial family in the fecal 
microbiota community from fermentation of Quinoa SFF-86F over the 24 h fermentation 
period.  Data is presented as the average abundance (# sequences) of triplicate samples. 
Error bars represent standard deviation of replicate measurements. 
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Figure 5.10 Changes in the relative abundance (% of sequences) per family in fecal 
microbiota communities of (A) Quinoa TDF-49F, and (B) Quinoa M/ET-71F fiber 
substrates over the 24 h in vitro fermentation.  The sum of percentages does not add to 
100% because of a portion (~9%) of sequences that were not assigned to a specific family. 
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Figure 5.11 Changes in the relative abundance (% of sequences) per family in fecal 
microbiota communities of (A) PMillet TDF-51F, and (B) PMillet M/ET-82F over the 24 
h period of in vitro fermentation.  The sum of percentages does not add to 100% because 
of a portion (~9%) of sequences that were not assigned to a specific family. 
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Figure 5.12 Changes in the relative abundance (% of sequences) per family in fecal 
microbiota communities of (A) FOS, and (B) Quinoa SFF-86F over the 24 h period of in 
vitro fecal fermentation.  The sum of percentages does not add to 100% because of a 
portion (~9%) of sequences that were not assigned to a specific family 
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OVERALL CONCLUSIONS AND FUTURE WORK 

The study of the effects of dietary fiber in the gut is of importance because the 

metabolites produced from its fermentation by gut microbes are key regulators of their 

symbiotic relationship with the host and, consequently, of the host’s health and 

susceptibility to disease.  In this research project, dietary fibers from alternative grains 

were investigated before and after hydrothermal and enzymatic treatments for the 

generation and effect of fermentable carbohydrate substrates.  In vitro fecal fermentation 

profiles and effects on the composition of fecal microbiota community were evaluated.   

Dietary fibers were quantified and isolated from four alternative grain sources - sorghum, 

pearl millet, quinoa, and amaranth.  Both cereal and pseudocereal grains contained 

comparable amounts of total dietary fiber (9.3 to 11.4%).  A greater portion of the fiber 

from quinoa and amaranth was soluble (22.0% pseudocereals vs. 13.0-15% cereals).  

Being dicots, composition of the insoluble and soluble dietary fibers from the 

pseudocereals differed from that of the cereals. Insoluble fiber from quinoa and amaranth 

was composed of pectic substances namely, homogalacturonans and 

rhamnogalacturonan-I with arabinan side-chains, highly branched xyloglucans, cellulose, 

and lignin.  Insoluble dietary fiber from sorghum and pearl millet was composed of lignin, 

cellulose, and arabinoxylans. In the case of soluble dietary fibers, xyloglucans made up to 

~40.0-60.0% and arabinose-rich pectic polysaccharides represented ~34.0-55.0% in 
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quinoa  and amaranth.  For sorghum and pearl millet, the soluble fiber fraction was 

mainly composed of mannose and glucose.  Their glucomannan content was low, and 

they also contained a small amount of highly branched AXs.  The insoluble dietary fiber 

fractions were subjected to hydrothermal and enzymatic treatments to effect 

solubilization and improve their fermentability through the soluble fermentable and 

insoluble fermentable fractions.  Overall, the treatments caused marked difference in 

composition of the dietary fibers and different fermentation effects.  Pseudocereals were 

more susceptible to solubilization by the combination of the hydrothermal treatments 

used in this study and enzymatic treatments resulting in 32.9-53.9% soluble fiber from 

IDF, most likely due to lower inherent amount of lignin.  Cereal samples did not respond 

as well, with only ~13.0-21.0% maximum solubilization achieved from treatment of the 

IDF.  Microwave radiation treatments in combination with enzymatic hydrolysis of 

insoluble dietary fibers from quinoa and pearl millet resulted in a range of treated fiber 

substrates (mixed insoluble/soluble fiber preparations) that contained a variety of 

oligosaccharides differing in composition and structure.  Highly branched soluble 

oligosaccharides, mainly arising from arabinoxylans, were generated from pearl millet 

insoluble dietary fiber.  In the case of quinoa, soluble oligosaccharides from cellulose and 

pectic polysaccharides were made in comparable amounts.   

Solubilization of insoluble dietary fibers appeared to be promising in generating pectic, 

glucan and xylo-oligosaccharides with potentially desirable fermentable and prebiotic 

properties.  Accordingly, the fermentability of the treated fiber substrates was evaluated 

using in vitro human fecal fermentation.  Increases in gas and SCFA production as well 



 

 

155 

155 

as shifts in SCFA profiles indicated improved fermentation profiles of the insoluble 

dietary fibers due to treatments.  Although soluble fiber content of treated substrates from 

pearl millet was significantly lower (~20%) than for quinoa, its fermentability was on par 

with it indicating that its insoluble fraction was made more fermentable. Still, differences 

in initial rate of gas production were observed. Pearl millet fiber substrate had a lower 

initial rate of gas production than quinoa owing to its lower amount of soluble 

fermentable fiber.  Thus, improvements in fermentability were not entirely due to 

increases in fiber solubility and provide a new approach for the development of 

fermentable carbohydrate substrates, as researchers tend to mainly focus on soluble fibers.   

Furthermore, the treated fiber substrates with increased fermentability caused significant 

shifts in the fecal microbiota community.  The relative abundance, at family and species 

levels, of bacterial groups changed according to type of fiber and time of fermentation.  

Treated fiber substrates derived from quinoa insoluble dietary fiber promoted the 

Ruminococcaceae family better than substrates derived from pearl millet or FOS, but 

pearl millet substrates were more bifidogenic than those from quinoa.  The combination 

of soluble-fermentable substrates with insoluble-fermentable carbohydrate polymers 

supported the growth of a larger of number of bacterial groups than FOS.  Thus, insoluble 

dietary fibers that are found in high amounts in the by-products of cereal (or pseudocereal) 

milling, can be treated and effectively used as sources of fiber substrates with increased 

fermentability and leading to high microbiota complexity that may have potential health-

benefitting properties.    
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Future work on the treated fiber substrates should focus on thorough characterizations of 

the fermentable fiber fractions that were generated by the treatments, as this will provide 

a better understanding of the resulting fermentation profiles and microbiota changes.  

Moreover, in-depth bioinformatics analysis will provide detailed information on how the 

composition and fermentability of each fiber substrates relates to the specific bacterial 

groups whose relative abundances shifted significantly.  This information may shed light 

on the complexity of dietary fiber fermentation in the gut and provide more insight about 

how gut microbiota modulation can be achieved with fermentable fibers.   

In terms of potential applications, an evaluation of the functional properties of the 

fermentable fiber fractions may be performed as well as trials for their incorporation into 

processed foods, analysis of their effects on organoleptic properties, and/or for the 

development of fiber supplement products.  As more information on the fermentative and 

functional properties of these fermentable fibers is gathered, an optimization and scale-up 

of the processing techniques used here should be performed.  An optimization of the 

techniques may also provide a way to design different treatment combinations in order to 

obtain fiber substrates with specific properties. 
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APPENDICES 

A) Results 

Table A.1  Description of steps to enzymatically isolate insoluble dietary fibers from 
whole grain flours. 

Step Description 
#1 

Defatting whole grain 
flour (WGF) 

a) 100-200 g of WGF are suspended in hexane (1:7, w/v). 
§ Pseudocereals: 90 min 
§ Cereals: 60 min 

b) Hexane was removed by filtration and air-drying overnight. 

#2 
Enzymatic removal of 

starch & protein 

a) Defatted WGFs suspended in water (1:10, w/v) were mixed with 
thermostable α-amylase. 

b) Mixture is heated 90 °C with constant stirring. After 2 hours, a 2nd dose 
of α-amylase is added, incubated for a total of 6 hours, and filtered to 
remove liquefied starch. 

c) WGF slurry is re-suspended in water (1:10, w/v), heated to 50 °C and 
incubated with protease for 4 hours (protease is inactivated by boiling 
slurry for 15 min with constant stirring).  

#3 
Fiber fractions 

separation 

a) WGF slurry if filtered and insoluble dietary fiber residue y re-
suspended in water (1:10, w/v). 

b) Filtrate washings containing soluble fiber fraction are collected in a 
clean container. 

#4 
2nd enzymatic 

removal of starch and 
protein 

a) Amylase and protease incubations are repeated on suspension of 
insoluble dietary fiber as described above (steps #2aàc). 

b) Filtrate washings containing soluble fiber fraction are incubated with 
amyloglucosidase, dialyzed (MWCO 12-14 kDa) and freeze-dried. 

#5 
Insoluble fiber 

washings, drying & 
grinding 

a) Insoluble fiber residue are collected by filtration and washed with fresh 
water twice followed by 80% aqueous ethanol. 

b) This washing step was repeated once. 
c) Collected fiber is dried at 50 °C in a convection oven overnight. 
d) Dried fiber is then ground to a fine powder with cyclone mill. 
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Figure A.1.  HPAEC chromatogram of MR-solubilized fiber from quinoa. 

 

 

 

Figure A.2.  HPAEC chromatogram of MR+enzyme-solubilized fiber from quinoa. 

  

MR-solubilized quinoa fiber  

MR+Enzyme-solubilized quinoa fiber  
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Figure A.3.  HPAEC chromatogram of MR-solubilized fiber from pearl millet. 

 

 

 

Figure A.4.  HPAEC chromatogram of MR+enzyme-solubilized fiber from pearl millet. 
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B) Procedures 

B.1 Calculation of Fermentable Fiber in Treated Fiber Substrates 

1) Fermentable fiber content for each treated fiber substrate was calculated based on 
the sum of acetate, propionate and butyrate production after 24 h of in vitro fecal 
fermentation.  Gas and other fermentation end products were not accounted for in 
the calculations because composition of the gas produced was unknown and 
amounts of lactate were negligible (data not shown here). Fermentable fiber 
contents were calculate as follows: 

 

 

𝜇Mol  SCFA  ×   
Mol
𝜇Mol   ×   

g
Mol   = g  SCFA  

 

g  SCFA
g  Treated  Fiber   ×  100   = Total  Fermentable  Fiber  (𝐓𝐅𝐅)  

 

Soluble-Fermentable Fiber (SFF) = % Soluble Fiber Content 

Insoluble-Fermentable Fiber (IFF) = TFF – SFF 

Insoluble-Nonfermentable Fiber (INFF) = 100-TFF  
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