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ABSTRACT

The microbiota affects host health, and dysbiosis is involved in colitis. Sorghum bran influences butyrate concentrations
during dextran sodium sulfate (DSS) colitis, suggesting microbiota changes. We aimed to characterize the microbiota during
colitis, and ascertain if polyphenol-rich sorghum bran diets mitigate these effects. Rats (n = 80) were fed diets containing
6% fiber from cellulose, or Black (3-deoxyanthocyanins), Sumac (condensed tannins), or Hi Tannin black (both) sorghum
bran. Inflammation was induced three times using 3% DSS for 48 h (40 rats, 2 week separation), and the microbiota
characterized by pyrosequencing. The Firmicutes/Bacteroidetes ratio was higher in Cellulose DSS rats. Colonic injury
negatively correlated with Firmicutes, Actinobacteria, Lactobacillales and Lactobacillus, and positively correlated with
Unknown/Unclassified. Post DSS#2, richness was significantly lower in Sumac and Hi Tannin black. Post DSS#3 Bacteroidales,
Bacteroides, Clostridiales, Lactobacillales and Lactobacillus were reduced, with no Clostridium identified. Diet significantly
affected Bacteroidales, Bacteroides, Clostridiales and Lactobacillus post DSS#2 and #3. Post DSS#3 diet significantly affected all
genus, including Bacteroides and Lactobacillus, and diversity and richness increased. Sumac and Hi Tannin black DSS had
significantly higher richness compared to controls. Thus, these sorghum brans may protect against alterations observed
during colitis including reduced microbial diversity and richness, and dysbiosis of Firmicutes/Bacteroidetes.
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INTRODUCTION

Inflammatory bowel disease (IBD), which includes Crohn’s dis-
ease (CD) and ulcerative colitis (UC), affects nearly 1.4 million
people in the United States (Loftus 2004). Symptoms include ab-
dominal cramping, constipation, abnormal bowel movements
and patients are at an increased risk of colorectal cancer
(Itzkowitz andYio 2004). Although the etiology of IBDs is not fully
known, dysbiosis of the native bacterial populations residing in
the gastrointestinal (GI) tract have been identified as a contribut-
ing factor in the progression and severity of UC (Elson et al. 2005;
Xavier and Podolsky 2007). Studies using gnotobiotic or knock-
out animals (e.g. TLR pathway) or experimental models that in-
duce an inflammatory state in the bowel using dextran sodium
sulfate (DSS) can help demonstrate the effect of the intestinal
microbiota on health and disease states (Elson et al. 2005; Lee
et al. 2010).

Previous studies have sought to elucidate alterations to the
microbiota or identify which bacterial populations might be as-
sociated with the onset or recurrence of UC (Loftus 2004; Elson
et al. 2005; Swidsinski et al. 2005; Xavier and Podolsky 2007).
Some implicate an increase in pathogenic bacteria or a de-
pletion of beneficial bacteria, such as lactic acid bacteria
(Martin et al. 2004), yet it is becoming more apparent that no
particular bacterial group can be implicated in the cause of UC.
However, some studies report alterations in the ratio of the pre-
dominant bacterial phyla, Firmicutes and Bacteroidetes, in patients
affected with both UC and CD compared to controls (Swidsinski
et al. 2005; Sokol et al. 2006; Rajilić-Stojanović et al. 2011), and oth-
ers note a reduction in bacterial diversity and species richness
(Ott et al. 2004; Manichanh et al. 2006).

In recent years, diets containing bioactive compounds, such
as polyphenols and tannins, have been identified as possible
interventions for IBD due to their antimicrobial and antiox-
idant capacity (Larrosa et al. 2009). Bran isolated from some
varieties of sorghum grain contain polyphenols, including 3-
deoxyanthocyanins and condensed tannins, and have been
characterized to have a higher antioxidant capacity compared to
wheat bran, blueberries and pomegranates (Dykes and Rooney
2006; Burdette 2010). Diet impacts the colon luminal environ-
ment by affecting transit time and the production of microbial
metabolites [short chain fatty acids (SCFA), e.g. butyrate] that al-
ter luminal pH (Rastall et al. 2005; Walker et al. 2010). Bran from
black and brown sorghum cultivars are known to alter rat fecal
SCFA concentrations, which suggests possible changes in the in-
testinal microbiota (Turner et al. 2010). Furthermore, secondary
plant metabolites similar to those found in sorghum bran are
reported to differentially affect luminal bacterial populations
(Okubo 1992; Chung, Lu and Chou 1998; Rastmanesh 2011).

In vitro studies have shown that tannins and other bioac-
tive compounds can dramatically affect the survival of bacterial
groups that typically reside in the GI tract (Ahn et al. 1998; Cueva
et al. 2012). Moreover, numerous in vivo human and animal stud-
ies have also characterized how these compounds can promote
the growth of certain health-promoting bacteria (i.e. Bifidobac-
terium and Lactobacillus spp.), while suppressing or eliminating
other pathogenic bacteria such as Clostridium perfringens and C.
difficile in the intestine (Okubo 1992; Smith and Mackie 2004).
Hydrocaffeic acid, a polyphenol metabolite derived from colonic
microbiota, produced anti-inflammatory effects including sup-
pression of proinflammatory cytokine production (i.e. TNFα, IL-
8, IL-1β) and reduction of oxidative DNA damage in rat colonic
mucosa (Larrosa et al. 2009).

Based on the existing literature, we hypothesized that per-
turbations in the rat colonic environment occurring with DSS-
induced colitis, including changes inmicrobiota, will be partially
mitigated by feeding sorghum bran-containing diets. Therefore,
the aim of this study was to determine the effect of diets con-
taining sorghum bran with 3-deoxyanthocyanins, condensed
tannins or both polyphenols on the intestinal microbiota. Fur-
thermore, we aim to ascertain if sorghum bran diets can miti-
gate alterations to themicrobiota during repeated inflammatory
bouts produced by DSS challenge.

MATERIALS AND METHODS
Animals and diets

Eighty (40-day-old) male Sprague-Dawley rats (Harlan Sprague-
Dawley, Houston, TX, USA) were stratified by body weight and
assigned to one of four experimental diets (n = 20 per diet). Ex-
perimental diets were formulated from purified ingredients and
contained 6% dietary fiber from cellulose (control diet) or 6% di-
etary fiber from bran isolated from sorghum grains that contain
3-deoxyanthocyanins and no condensed tannins (Black bran),
high levels of both 3-deoxyanthocyanins and condensed tannins
(Sumac bran), or intermediate levels of 3-deoxyanthocyanins
and high levels of condensed tannins (Hi Tannin). A complete
description of the diets including antioxidant capacity, total
polyphenol content and tannin content is reported elsewhere
(submitted work from Lauren E. Ritchie, Stella S. Taddeo, Brad R.
Weeks, Raymond J. Carroll, Linda Dykes, LloydW. Rooney, Nancy
D. Turner). The proportions of soluble (6.0, 9.5, 11.7 and 6.4%) and
insoluble fiber (94.0, 90.5, 88.3 and 93.6%) were similar among
the diets (Cellulose, Black bran, Sumac bran and Hi Tannin bran,
respectively).

After 21 days of experimental diets, half of the rats were ex-
posed to three sequential DSS (MP Biomedicals, Irvine, CA, USA)
treatments in their drinking water [3% (w/v) DSS for 48 h], with
14 days between each DSS exposure. Between DSS exposures,
water was supplied to treated animals, and the remaining half
of the animals (non-DSS controls) receivedwater throughout the
course of the study.

Body weight and food intake were routinely monitored. On
day 82, animals were euthanized by CO2 asphyxiation. A 1 cm
segment was removed from the distal end of the colon and fixed
in 70% ethanol solution prior to embedding in paraffin. The de-
gree of inflammation and morphological injury caused by DSS
exposurewas assessed by hematoxylin and eosin staining as de-
scribed previously (Jia et al. 2008).

Fecal sample collection and microbial DNA isolation

Fresh fecal samples were collected immediately upon defeca-
tion, placed in sterile cryotubes and then stored at −80◦C. Sam-
ples collected after recovery from the secondDSS treatment (day
47, n = 9 or 10 for Cellulose and Black, and/or Sumac and Hi
Tannin DSS rats, respectively) and third DSS treatment (day 62,
n = 5/diet for control rats and n = 10/diet for DSS rats) were
used for microbial analyses. DNA was isolated using a FastDNA
SPIN kit (MP Biomedicals, Solon, OH, USA) as described pre-
viously (Menon et al. 2013), and the purified DNA was stored
at −80◦C.
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16S rRNA bacterial tag-encoded FLX amplicon
pyrosequencing

16S rRNA amplicon sequencing was performed in the Micro-
biome Core Facility (University of North Carolina at Chapel Hill,
NC, USA) as previously described (Devine et al. 2013). Briefly, ini-
tial amplification of the V1–V2 region of the bacterial 16S rRNA
gene was performed on total DNA isolated from fecal samples.
Master mixes for these reactions used the Qiagen Hotstar Hi-
Fidelity Polymerase Kit (Qiagen, Valencia, CA, USA) with a for-
ward primer composed of the Roche Titanium Fusion Primer A
(5′-CCATCTCATCCCTGCGTGTCTCCGACTCAG-3′), a 10-bp multi-
plex identifier (MID) sequence (Roche, Indianapolis, IN, USA)
unique to each of the samples, and the universal primer for bac-
teria, 8F (5′-AGAGTTTGATCCTGGCTCAG-3′) (Edwards et al. 1989).
The reverse primer was composed of the Roche Titanium
Primer B (5′-CCTATCCCCTGTGTGCCTTGGCAGTCTCAG-3′), the
identical 10-bp MID sequence as the forward primer and the
reverse bacteria primer 338R (5′-GCTGCCTCCCGTAGGAGT-3′)
(Fierer et al. 2008), which span the V1–V2 hypervariable region of
the bacterial 16S rRNA gene. Each sample was individually gel
purified using the E-Gel Electrophoresis System (Life Technolo-
gies, Invitrogen). To ensure equal representation of each sample
in the sequencing run, each barcoded sample was standardized
by calculating equimolar amounts prior to pooling. Pooled sam-
ples of the 16S rDNAmultiplexed amplicons were sequenced on
a Roche 454 Genome Sequencer FLX Titanium instrument using
the GS FLX Titanium XLR70 sequencing reagents and protocols.

Amplicon sequencing data analysis

Analysis of sequencing data was carried out using the QIIME
pipeline (Caporaso et al. 2010). The combined raw sequencing
data plusmetadata describing the samples were de-multiplexed
and filtered. Next, data were denoised using Denoiser soft-
ware using standard parameters (Reeder and Knight 2010). Se-
quences were grouped into operational taxonomic units (OTUs)
at a 97% level to approximate species-level phylotypes using
Uclust (Edgar 2010). OTU sequenceswere aligned andOTU tables
containing the counts of each OTU in each sample were used
to calculate mean species diversity of each sample (alpha di-
versity) and the differentiation among samples (beta diversity).
Alpha and beta diversity measures were used to calculate the
Chao species richness estimate and Shannon–Weaver diversity
index for each OTU. To evaluate the similarities between bac-
terial communities, a combination of Unifrac significance, prin-
cipal coordinate analysis (PCoA) using Fast Unifrac (Lozupone,
Hamady and Knight 2006) and network analysis (Ley et al. 2008)
were performed to compare samples based on sample time and
treatment.

Statistical analysis

Data were analyzed using two-way analysis of variance includ-
ing variables of diet and DSS exposure in SAS 9.1 (SAS In-
stitute, Inc.) considering a P-value of <0.05 as significant. On
completion of all analyses, the uncorrected P-values were sub-
mitted to a single multiple-testing correction using the Ben-
jamini and Hochberg false discovery rate method. Unadjusted
P-values are presented in the tables and text with an asterisk
indicating where results remained significant after adjusting for
multiple comparisons. Relationships betweenmicrobial popula-
tions and colonic injury score were assessed by calculating Pear-
son’s product moment correlation coefficient.

RESULTS
Body weight and experimental diet intake

Only minor differences in food intake or body weight were ob-
served. Control rats fed Hi Tannin had higher body weights than
control rats fed Cellulose at four time points (day 39, day 42, day
56 and day 60). The only difference in food intake occurred prior
to the first DSS treatment (DSS#1) at day 39, where rats fed Cel-
lulose DSS consumed less than rats fed Sumac DSS (P < 0.05).

Multivariate analysis of bacterial populations

Day 62 control rats (not exposed to DSS) feces enabled determi-
nation of the potential changes inmicrobiota that occurred from
exposure to DSS within a diet group. The DSS-treated rat sam-
ples from day 47 and day 62 allowed the determination of how
repeated bouts of inflammatory challenge impacted the micro-
biota, and to determine if there were differences in the response
due to diet.

PCoA of weighted and unweighted UniFrac results (Hamady,
Lozupone and Knight 2010) revealed distinct clustering of sam-
ples based on the experimental diet for both time points
(Fig. 1A). Variation of data points along PC2 (10.3%) indicated
clear clusters and therefore distinct differences in bacterial com-
munities between rats fed the Cellulose, Black, Sumac and Hi
Tannin black bran diets. The Hi Tannin black bran diet, which
contains both condensed tannins and 3-deoxyanthocyanins, re-
sulted in bacterial communities that clustered near both Black
bran (contains 3-deoxyanthocyanins) and Sumac bran (contains
condensed tannins) diets. Additionally, rats fed bran diets that
contained condensed tannins (i.e. Sumac and Hi Tannin black
bran) had bacterial communities that clustered together. Spatial
relation of data points along PC3 (6.28%) revealed that rats con-
suming the Sumac bran diet had samples with the least amount
of variation compared to other experimental diets. Furthermore,
PCoA analysis revealed differences between samples collected
after DSS#2 (day 47) and DSS#3 (day 62) (Fig. 1B), suggesting that
the bacterial communitieswere sensitive to diet and the number
of DSS exposures.

Microbial taxonomic structure analysis

Phylogenetic classification of OTUs revealed two predominant
phyla, Bacteroidetes and Firmicutes, for all experimental diets post
DSS#2 and post DSS#3 (Fig. 2). The phyla Actinobacteria and Pro-
teobacteriawere also represented, but proportions did not exceed
5% for any experimental group at either time point.We observed
a significant diet effect for all phyla at both time points (Table
S1, Supporting Information). For each experimental diet at both
time points, there were OTUs that did not match any known se-
quences in the RDP database, and the proportion of OTUs clas-
sified as ‘Unknown’ or ‘Unclassified’ was elevated in all experi-
mental diets post DSS#3 compared to DSS#2 (≥2-fold increase).

We observed a significant effect of DSS on both the Firmicutes
and Bacteroidetes phyla (P = 0.0006 and P < 0.0001, respectively)
in samples collected post DSS#3. Thus, ratios of these phyla (%
Firmicutes in a given experimental group /% Bacteroidetes in the
same group) were calculated to characterize relative proportion
of these predominant bacterial groups. The ratio of Firmicutes
to Bacteroidetes was higher in Cellulose DSS rats post DSS#2 and
post DSS#3 compared to Black, Sumac and Hi Tannin black bran
DSS rats (Fig. 2).

Further phylogenetic analysis of OTUs revealed three
predominant bacterial orders (Bacteroidales, Clostridiales and
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Figure 1. (A) PCoA plot of samples from both time points. Green squares (Cellulose), red triangles (Black bran), light blue circles (Hi Tannin black bran) and blue triangles

(Sumac bran) illustrate differences in rat fecal bacterial populations due to experimental diets. (B) PCoA plot of amples post DSS#2 and DSS#3. Blue squares (post DSS#3)
and red circles (post DSS#2) illustrate differences in rat fecal bacterial populations following DSS treatment over time.

Lactobacillales) and two genus (Bacteroides and Lactobacillus) in all
collected samples (Figs 3 and 4, respectively). We observed sig-
nificant diet effects post DSS#2 for bacteria in the Bacteroidales
(P < 0.0001), Clostridiales (P = 0.0205) and Lactobacillales orders
(P = 0.0417) (Table S2, Supporting Information), and for all char-
acterized bacterial genus except Coprobacillus and Parasutterella
(Table S3, Supporting Information). At the genus level, the con-
fidence level for numerous OTUs was below 90% similarity
to known sequences in the Ribosomal Database Project (RDP)
database, and have beenmarked accordingly (Table S3, Support-
ing Information). Sumac DSS rats had significantly higher pro-
portion of OTUs classified as Bacteroidales, and Hi Tannin black
DSS rats had significantly higher proportions of Lactobacillales
compared to the Sumac DSS rats, with the other two diets be-
ing intermediate (P < 0.05). These trends remained significant
at the genus level as well (i.e. Bacteroides and Lactobacillus).

Post DSS#3, proportions of OTUs classified in the predom-
inant bacterial orders (i.e. Bacteroidales, Clostridiales and Lacto-
bacillales) were reduced in all DSS-treated rats compared to post
DSS#2 for all experimental diets (Fig. 3), with the largest reduc-
tion observed in the Clostridiales order (56–79% reduction). A sim-
ilar trendwas observed at the genus level for both Bacteroides and
Lactobacillus, with proportions remaining the same or reduced
following DSS#3 for all diets. Additionally, we observed signifi-
cant diet, treatment and interactive effects for both Bacteroidales
and Bacteroides (P < 0.0001, P < 0.0001, and P < 0.0005, respec-
tively), Clostridiales (Diet P = 0.0005, and DSS P < 0.0001, respec-
tively) and Turicibacter (Diet P = 0.0001) at this time point (Tables
S2 and S3, Supporting Information), which all remained signifi-
cant after adjusting for multiple comparisons. In Sumac control
rats, we observed a significantly higher proportion of OTUs clas-
sified as Bacteroidales and Bacteroides, and a significantly higher
proportion of Clostridiales in Hi Tannin control rats compared
to all other diets (P < 0.05). We observed a significant effect of
diet and treatment for OTUs classified in the Lactobacillales order

(P < 0.001 and 0.0377, respectively), and a significant diet effect
for all classified genus at this time point (i.e. Bacteroides, Lacto-
bacillus, Turicibacter and Parasutterella), which remained signifi-
cant after adjusting formultiple comparisons. Cellulose controls
had a significantly higher proportion of OTUs classified as Lacto-
bacillales (P < 0.05) compared to all other groups, with a similar
trend at the genus level (Lactobacillus) as well. Additionally, DSS-
treated rats fed Cellulose, Sumac and Hi Tannin black bran di-
ets had lower proportions of both Lactobacillales and Lactobacillus
compared to their diet-matched controls, a difference that was
only significant for the Cellulose rats.

When samples from rats fed Sumac and Hi Tannin diets and
treated with DSS were compared to their diet-matched con-
trols, we observed a significant reduction in numerous bacterial
orders following recovery from DSS#3 (Fig. 3). Sumac DSS rats
had significantly lower proportions of Bacteroidales, Bacteroides,
Clostridiales, Parasutterella and Burkholderiales, and Hi Tannin DSS
showed lower proportions of Bacteroidales, Bacteroides, Clostridi-
ales, Turicibacter and Erysipelotrichales compared to their diet-
matched controls (P < 0.05) (Tables S2 and S3, Supporting Infor-
mation). In contrast, Black bran DSS rats had higher abundance
of Lactobacillales, Lactobacillus and Burkholderiales, and Cellulose
DSS rats had higher abundance of Bacteroidales, Clostridiales and
Erysipelotrichales compared to their diet-matched controls.

Diversity and species richness comparisons

To analyze the effects of diet and DSS-induced inflammation on
bacterial species richness and diversity, sequences from each
sample (approximately 1508) were used to perform alpha and
beta diversity analyses and to calculate the Chao species rich-
ness estimate and the Shannon–Weaver diversity index. We
observed a significant diet effect on both species richness and
diversity post DSS#3 (P < 0.0001), with rats fed Black bran show-
ing a significantly higher species richness (P < 0.05) compared to
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Figure 2. Phylogenetic classification of OTUs at the phylum level in fecal samples from control rats (day 62) and DSS-treated rats (on day 47—post DSS#2, and on day
62—DSS#3) for all diets. The Firmicutes/Bacteroidetes ratio is reported above each column.

animals fed Sumac and Hi Tannin black bran diets, and a signif-
icantly higher diversity index (P < 0.05) compared to all other
controls (Table 1). Sumac control rats had lower species rich-
ness and diversity indices compared to the Cellulose and Black
bran fed rats. Following DSS#2, we observed no significant differ-
ences in bacterial diversity between Cellulose, Black, Sumac or
Hi Tannin black bran DSS rats. Sumac bran DSS rats had a sig-
nificantly lower species richness compared to Cellulose, Black
and Hi Tannin black bran DSS rats (P < 0.05) at this time point.
DSS-treated rats followingDSS#2 had lower species richness and
diversity indices compared to their diet-matched (non-DSS) con-
trols, yet post DSS#3 there was a numerical increase in diversity
(13.6–25%) and species richness (39–62%) compared to post
DSS#2 for Cellulose and Sumac and Black, Sumac, and Hi Tannin
black bran DSS rats (Table 1).

Post DSS#3, experimental diet and DSS treatment had an in-
teractive effect on species richness and diversity (P < 0.0001 and
P = 0.0003, respectively), in which Cellulose and Black bran DSS
rats had a significantly lower Chao score compared to their diet-
matched controls (P < 0.05). Sumac bran DSS rats had signifi-
cantly higher richness (P = 0.0199) and numerically higher di-
versity index compared to Sumac controls, and Hi Tannin black
bran DSS rats had significantly higher richness and diversity
indices (P < 0.001 and P = 0.013, respectively) compared to Hi
Tannin black bran controls at this time point (Table 1).

DSS-induced injury of distal colon

All DSS-treated rats had elevated colonic injury compared to
their diet-matched controls, with significantly higher injury

scores observed in Hi Tannin black bran DSS rats compared to Hi
Tannin black control rats (P = 0.0072) (submitted work from Lau-
ren E. Ritchie, Stella S. Taddeo, Brad R.Weeks, Raymond J. Carroll,
LindaDykes, LloydW. Rooney, NancyD. Turner). DSS-treated rats
fed bran diets had significantly higher injury scores compared
to Cellulose DSS rats (P < 0.05). Cellulose controls had the low-
est injury scores, which were significantly lower than Black and
Sumac bran controls (P < 0.05). (submitted work from Lauren
E. Ritchie, Stella S. Taddeo, Brad R. Weeks, Raymond J. Carroll,
Linda Dykes, Lloyd W. Rooney, Nancy D. Turner).

In order to determine if there were relationships between
the bacterial taxa characterized in fecal samples collected post
DSS#3 and colon injury, we ran correlational analyses. In this
UC model, significant correlations were observed for four phy-
logenetic groups (Table 2). At the phylum level, both Firmicutes
and Actinobacteriawere negatively correlated with colonic injury
(P = 0.003 and P = 0.019). Within the Firmicutes phylum, Clostridi-
ales, Erysipelotrichales, Lactobacillales and Lactobacillus negatively
correlated with colonic injury, and the relationship reached sig-
nificance for both Lactobacillales and Lactobacillus (P = 0.045 and P
= 0.05). The abundance of OTUs classified as ‘Unknown’ or ‘Un-
classified’ (OTUs that did not match any known sequences in
the RDP database) were both positively correlated with colonic
injury (both P = 0.003, Table 2).

DISCUSSION

The intestinal microbiota of mammals is composed of trillions
of bacteria and over 400 individual species have been identi-
fied thus far (Rajilić-Stojanović, Smidt and De Vos 2007). These
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Figure 3. Phylogenetic classification of OTUs at the order level in fecal samples from control rats (day 62) and DSS-treated rats (on day 47—post DSS#2, and on day
62—DSS#3) for all diets.

bacterial populations provide numerous benefits to the host, in-
cluding immune systemdevelopment, epithelial barriermainte-
nance, and providing metabolic substrate for colonocytes (Louis
and Flint 2009;Wells et al. 2010). It is nowunderstood that pertur-
bations to themicrobiota are involved in the initiation of intesti-
nal inflammation and recurrence of inflammatory bouts, and is
an important factor in the etiology of IBD such asUC (Manichanh
et al. 2006; Frank et al. 2007; Sepehri et al. 2007). Another envi-
ronmental input that has been shown to affect the microbiota
is diet composition, and recent focus has been put on bioactive
compounds and their possible role in mitigating the deleterious
effects of intestinal inflammation (Gibson et al. 2004; Smith and
Mackie 2004; Louis et al. 2007; Larrosa et al. 2009; Biasi et al. 2011;
Possemiers et al. 2011). Brans utilized in this study con-
tain concentrated levels of 3-deoxyanthocyanins (Black bran),
condensed tannins (Sumac bran) or a combination of these
compounds (Hi Tannin black bran) (Dykes and Rooney 2006;
Dykes, Rooney and Rooney 2013). Our previous work demon-
strated that these diets can alter fecal SCFA concentrations,
a microbial metabolite, suggesting that these dietary ingredi-
ents alter the composition of the microbiota and/or microbial
metabolism.

In the present study, PCoA analysis of microbial taxa from
fecal samples suggests that there are distinct bacterial com-
munities in animals fed experimental diets containing Cellu-
lose or bran isolated from Black, Sumac or Hi Tannin sorghums.
Additionally, samples collected at different time points (post
DSS#2 and DSS#3) also grouped in different quadrants of the
PCoA plot, suggesting, as expected, that DSS treatment and
colonic inflammation also modify the composition of the gut

microbial populations. Little research has been done to un-
derstand how the bioactive compounds found in sorghum
(i.e. 3-deoxyanthocyanins and condensed tannins) can alter
the luminal environment, particularly the intestinal bacterial
populations. Therefore, the aim of this work was to characterize
alterations to the microbiota during DSS-induced colitis and de-
termine if polyphenol-rich sorghumdiets have the ability tomit-
igate the dysbiosis (e.g. decreased bacterial diversity and rich-
ness; elevated Firmicutes/Bacteroidetes ratio) associated with UC.

Although research has been done to understand the role of
the microbiota in UC, it is becoming more apparent that no spe-
cific microbiome component can be identified as an etiologic
agent (Nagalingam and Lynch 2012). However, an overall dys-
biosis in the ratio of predominant bacterial populations (i.e. in-
creased Firmicutes to Bacteroidetes ratio) have been observed in
both the feces and colon biopsies of IBD patients and experi-
mental models of obesity and UC (Sokol et al. 2006; Nagalingam,
Kao and Young 2011; Rajilić-Stojanović et al. 2011). In our study,
the Firmicutes/Bacteroidetes ratio observed in Cellulose fed ani-
mals (both control and DSS) was at least 10-fold higher than
that of bran fed animals. These results could be in part due
to the presence of cellulose fermenting bacterial species within
this phylum (e.g. Ruminococcus spp.) (Chassard, Gaillard-Martinie
and Bernalier-Donadille 2005). Previous studies testing the effect
of condensed tannins in vivo also reported inhibition of Gram-
positive bacteria (i.e. Firmicutes phylum), specifically inhibition
of the C. leptum group, while other enteric bacteria (i.e. Bac-
teroides fragilis and Bacteroides—Prevotella–Porphyromonas groups)
increased significantly (Smith and Mackie 2004). Our observa-
tions are similar to these reports, as animals fed a bran diet
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Figure 4. Phylogenetic classification of OTUs at the genus level in fecal samples from control rats (day 62) and DSS-treated rats (on day 47—post DSS#2, and on day
62—DSS#3) for all diets.

containing tannins (i.e. Sumac and Hi Tannin black) had higher
proportions of both Bacteroidales and Bacteroides compared to
Cellulose and Black bran fed animals. Other dietary compounds
such as tea polyphenols and other flavonoids have been reported
to alter the composition of the intestinal microbiota in rats and
human subjects, including decreased proportion of Clostridium
spp. compared to those that did not consume these polyphenols
(Okubo 1992; Hanske 2005).

A recent review documented the numerous changes ob-
served in experimental models and patients with IBD, and no
agreement has been reached on the association of specific mi-
crobial groups and UC (Nagalingam and Lynch 2012). Stud-
ies have documented elevated levels and enhanced epithelial
adherence of pathogenic bacteria species (e.g. pathogenic Es-
cherichia coli (E.coli)) following DSS-induced colitis (Heimesaat
et al. 2007). In our study, we observed less than 5% of OTUs classi-
fied as Proteobacteria in control and DSS-treated animals at both
time points. Plant polyphenols similar to those utilized in this
study (i.e. gallic acid, methyl gallate, propyl gallate) have been
observed to mitigate the effects of IBD and also been found to
have inhibitory properties against potentially harmful bacterial
species such as C. perfringens, C. paraputrifficum, Eubacterium limo-
sum, Bacteroides fragilis, Staphylococcus aureus and E. coli in culture
(Ahn et al. 1998; Chung, Lu and Chou 1998). This inhibitory effect
could be potentially beneficial and one reason for the reduced
abundance of Proteobacteria in our study (≤4.29%), which har-
bors numerous pathogenic bacteria species such as Escherichia,
Salmonella, Vibrio and Helicobacter.

Previous studies in experimental models and patients with
UC have also documented a depletion in bacterial species that
provide benefit to the host such as species of Bifidobacterium
and Lactobacillus (Sokol et al. 2006; Frank et al. 2007; Heimesaat
et al. 2007). These species produce antimicrobial substances,

compete with pathogens for epithelial and mucin-binding sites
(Ljungh and Wadstrom 2006), and have been shown to atten-
uate symptoms and maintain remission of UC (Garcia Vilela
et al. 2008). During an active disease state (following DSS#2), we
observed a significantly higher proportion of Lactobacillales and
elevated proportion of Lactobacillus in Hi Tannin black DSS rats
compared to Cellulose, Black and Sumac bran fed DSS rats. How-
ever, following DSS#3, we observed reduced abundance of Lacto-
bacillales and Lactobacillus in DSS-treated rats fed Black, Sumac
and Hi Tannin black bran diets, which is similar to other re-
ports in patients and experimental models of UC that docu-
ment a suppression of lactic acid bacteria (Heimesaat et al. 2007).
Previous studies have reported that hydrolysable tannins have
minimal effect on growth of lactic acid bacteria, specifically Bi-
fidobacterium infantis and Lactobacillus acidophilus (Ahn et al. 1998;
Chung, Lu and Chou 1998), which parallels animals fed Hi Tan-
nin black and treated with DSS having a higher abundance of
both Lactobacillales and Lactobacillus post DSS#2. In this study, we
observed virtually undetectable levels of OTUs classified in the
Actinobacteria phylum (≤0.80%), and Bifidobacterium in particular,
which may suggest that this group is not a major constituent of
the microbiota in any of our experimental groups. However, the
low abundance of Bifidobacterium observed in our study could be
also due to the facts that no Bifidobacterium-specific primerswere
used, which have been shown essential to quantify abundance
changes in this group (Ritchie et al. 2010; Davis et al. 2011).

Previous studies and our results indicate that the effects of
polyphenols on microbiota vary substantially and may be de-
pendent upon the polyphenolic structure of these compounds.
Very little is known regarding microbial metabolism of the 3-
deoxyanthocyanins and condensed tannins found in sorghum
bran. In general, polyphenols are poorly absorbed and there-
fore available to be catabolized by the colonic microbiota. The
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Table 2. Correlation of intestinal microbiota and colonic injury score
in rats after three bouts of DSS-induced colonic injury.a

Taxon

Pearson’s
correlation
coefficient

Actinobacteria −0.308a

Bacteroidetes 0.076
Bacteroidales 0.049

Bacteroides 0.033
Firmicutes −0.387a

Clostridiales −0.123
Erysipelotrichales −0.096

Turicibacter −0.088
Lactobacillales −0.264a

Lactobacillus −0.258a

Proteobacteria −0.012
Burkholderiales 0.080

Parasutturella 0.076
Unknown 0.382a

Unclassified 0.387a

aIndicates phylogenetic groups which proportion correlated significantly with
injury score (P < 0.05).

microbial metabolism of polyphenols is extremely complex, and
numerousmicrobial catalytic and hydrolytic enzymes have been
identified (van Duynhoven et al. 2011); therefore, a complete
description is beyond the scope of this paper. However, un-
like other flavonoids, many anthocyanins do not undergo ex-
tensive metabolism and their structure is stabilized in acidic
conditions (Crozier, Del Rio and Clifford 2010). Furthermore,
condensed tannins such as those described in this study are
large non-hydrolysable proanthocyanindins, with three or more
polymerizations, that are not easily fractionated by water and
tannases (Ree 2001). One study demonstrated that condensed
tannins isolated from sorghum bran were only isolated in excre-
ment and not absorbed in chickens (Jimenez-Ramsey et al. 1994).
Furthermore, both animal and human studies have shown that
anthocyanins from berries (i.e. bilberry and raspberry) are poorly
absorbed in the small intestine and typically <0.1% of the quan-
tities ingested are detected in urine within 24 h of consump-
tion (Borges et al. 2007; Sakakibara et al. 2009). This implies that
compounds similar to those found in this study may not be ab-
sorbed ormetabolized and therefore concentrated in the intesti-
nal lumen where they are able to impact the microbiota and/or
be metabolized by them. Metagenome and metabolomics anal-
yses may help elucidate the relationship of the microbiota and
the bioactive compounds found in sorghum; however, due to the
large number of genes andmetabolites identified in these analy-
ses it could be quite difficult to elucidate the biomolecularmech-
anisms involved in the observed beneficial effects.

Alterations in other bacterial populations that are prevalent
constituents of the commensal intestinal flora have been re-
ported in experimental models and patients with UC, and both
an elevation and suppression have been observed in species of
the genera Bacteroides and Clostridium in feces and colonic tis-
sue (Noor et al. 2010; Andoh et al. 2011). To understand how
the microbiota was fluctuating during different stages of in-
flammation, we compared DSS-treated animals post DSS#2 to
post DSS#3 and observed decreased proportions of Bacteroidales,
Clostridiales and Lactobacillales in DSS animals for all experimen-
tal diets following DSS#3, with the highest reduction observed
in the Clostridiales order (56–79%). At the genus level, we see
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similar reductions in Bacteroides and Lactobacillus, with mini-
mal OTUs classified within the Clostridium genus (<3% post DSS
#2 and none post DSS#3). The Clostridiales and Clostridium taxa
are of particular importance, as they harbor bacterial species
that have the ability to produce important bacterial metabolites
such as butyrate (Wiegel, Kuk and Kohring 1989). Although this
order also harbors opportunistic pathogens, alterations to this
particular population could be detrimental to colonic health as
butyrate is not only the predominant fuel for colonocytes, but
suppressed availability and uptake of this metabolite have been
implicated in the etiology of IBD (Thibault et al. 2007; Vicky De
et al. 2010). Observed differences could be due, in part, to the
progression of inflammation or severity of epithelial barrier in-
jury, as it has been previously reported that inflamed tissue har-
bors different bacterial populations than non-inflamed tissues
from the same individual (Bibiloni et al. 2006; Frank et al. 2007;
Sepehri et al. 2007). Additionally, previous studies have shown
correlations between bacterial populations and disease sever-
ity, which can further elucidate the relationship between the
microbiota and UC. In the present study, we report a negative
correlation between colonic injury and numerous phylogenetic
groups, including significant correlations to Firmicutes,Actinobac-
teria, and both Lactobacillales and Lactobacillus. Similarly, a pre-
vious study reported that the abundance of certain taxa in the
Firmicutes phylum (i.e. Clostridium clusters IV and IX) was neg-
atively correlated with disease symptom score (e.g. abdominal
pain, distention) in patients with irritable bowel syndrome (Ra-
jilić-Stojanović et al. 2011). In contrast to our results, another
study reported a positive correlation between the abundance of
cecal E. coli and histologic colon score in HLA-B27 transgenic rats
(Onderdonk et al. 1998). Our results could differ from previous
studies due to the experimental model utilized, tissue analyzed
(i.e. feces versus cecal content and/or colonic tissue) and phylo-
genetic characterization techniques (e.g. FISH, T-RFLP, DGGE,mi-
crobiological culture). Further analysis, such as identifying clos-
est neighbors to unclassified and unidentified OTUs, will further
elucidate the significance of these bacterial groups and their re-
lation to colonic injury in our experimental groups.

Although we observed a decrease in the predominant bacte-
rial orders post DSS#3, there was no reduction in bacterial di-
versity and species richness at this time point, which has been
previously reported in both patients with UC and DSS-induced
colitis animal models (Ott et al. 2004; Heimesaat et al. 2007;
Andoh et al. 2011; Nagalingam, Kao and Young 2011). Follow-
ing the second DSS treatment, we observed a decrease in both
species richness and diversity compared to diet-matched con-
trols; however, the values of these indices were elevated follow-
ing recovery from DSS#3. Furthermore, following all DSS expo-
sures diseased animals fed brans containing condensed tannins
(i.e. Sumac and Hi Tannin black bran) showed bacterial rich-
ness and diversity indexes higher than their diet-matched con-
trols. This result parallels a previous study using denaturing gel
electrophoresis (DGGE) that reported tannins derived from the
Acacia angustissima shrub significantly increased murine fecal
bacterial diversity (Smith and Mackie 2004). A reduction in bac-
terial diversity and species richness could be detrimental due to
decreased colonization resistance, imbalances inmicrobial-host
signaling through pattern recognition receptors such as Toll-like
receptors (TLR), as well as allowing for pathogenic bacteria to
thrive (Croswell 2009). These data suggest that even though the
bacterial populationsmay be affected during repeatedDSS expo-
sure (i.e. a more active disease state), feeding bran-based diets,
particularly those containing condensed tannins, may be useful
to restore bacterial species richness and diversity.

CONCLUSIONS

To our knowledge, there are no studies that describe the ef-
fect of sorghum bran on the microbiota. We demonstrated
that sorghum bran diets may be able to prevent an overall
dysbiosis of predominant bacterial populations and decreased
microbial diversity commonly associated with UC. Further-
more, we observed distinct differences among experimental di-
ets suggesting that the presence of bioactive compounds like
3-deoxyanthocianins and condensed tannins may be a factor
in these diets ability to alter the luminal environment and mi-
crobial populations. Additional analyses, such as those employ-
ing species-specific bacterial primers, could elucidate additional
population changes not captured in this study. Future studies
elucidating mechanisms by which these bioactive compounds
affect the intestinal microbiota during a healthy and diseased
state are warranted.

SUPPLEMENTARY DATA

Supplementary data is available at FEMSEC online.
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