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FLX Pyrosequencing Analysis of the Effects of the Brown-Algal
Fermentable Polysaccharides Alginate and Laminaran on Rat Cecal
Microbiotas
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Edible brown algae are used as major food material in Far East Asian countries, particularly in South Korea and Japan. They con-
tain fermentable dietary fibers, alginic acid (uronic acid polymer) and laminaran (3-1,3-glucan), that are fermented into organic
acids by intestinal bacteria. To clarify the effect of edible algae on the intestinal environment, the cecal microbiotas of rats fed
diets containing no dietary fiber (control) or 2% (wt/wt) sodium alginate or laminaran for 2 weeks were analyzed using FLX am-
plicon pyrosequencing with bar-coded primers targeting the bacterial 16S rRNA gene. The most abundant phylum in all groups
was Firmicutes. Specifically, Allobaculum was dominant in all diet groups. In addition, Bacteroides capillosus (37.1%) was abun-
dant in the alginate group, while Clostridium ramosum (3.14%) and Parabacteroides distasonis (1.36%) were only detected in the
laminaran group. Furthermore, rats fed alginate showed simplified microbiota phylotypes compared with others. With respect to cecal
chemical compounds, laminaran increased cecal organic acid levels, particularly propionic acid. Alginate increased total cecal organic

acids. Cecal putrefactive compounds, such as indole, H,S, and phenol, were decreased by both alginate and laminaran. These results
indicate that edible brown algae can alter the intestinal environment, with fermentation by intestinal microbiota.

he adult human intestine contains 10'® to 10'* bacteria, in-

volving at least 500 different species or strains (1), which make
up the gut microbiota. While up to 9 different bacterial phyla
typically comprise the microbiota, Firmicutes and Bacteroidetes
account for >90% of microbiota (2). The intestinal microbiota
plays an important role in host health (3). The role of bacteria can
be seen as 2-fold, encompassing both beneficial and harmful ef-
fects on the host. Beneficial effects include prevention of pathogen
colonization and stimulation of immune responses (4, 5), assis-
tance in digestion and absorption (6), and vitamin synthesis (7).
Harmful effects include the production of intestinal putrefactive
compounds, such as ammonia, H,S, amines, phenols, and indoles
(8). These putrefactive compounds are regarded as putative car-
cinogens and toxins (9). The intestinal microbiota depends on
various factors, such as aging, stress, climate, infectants, disease,
drugs, and diet (10). Moreover, diet composition is dependent on
geographic location and culture. Such differences can also affect
the intestinal microbiota. For example, De Filippo et al. (11) re-
ported that the microbiota of breast-fed babies in Europe and
Burkina Faso were identical, irrespective of location and culture.
However, when breast-fed children were exposed to the local diet
microbiota, alterations were observed. For example, levels of Fir-
micutes fecal bacteria increased in European children, while levels
of Bacteroidetes fecal bacteria increased in Burkina Faso children.

In Far East Asian countries, particularly in South Korea and
Japan, various marine algae (seaweeds) are used as food material.
In particular, many kinds of edible brown algae, Phaeophyceae,
such as kombu (Laminaria japonica), wakame (Undaria pinnati-
fida), and hijiki (Hijikia fusiforme), are consumed (12). Recently,
it was proposed that marine red algae, Rhodophyta (such as nori
Porphyra species), and associated marine bacteria might have been
the route by which novel carbohydrate active enzymes, capable of
degrading the red-algal polysaccharide porphyran, were acquired
by the intestinal bacteria of Japanese individuals (13). This knowl-
edge has had an impact on the research area. However, since an-
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cient times, the supply of brown algae has actually been greater
than that of red algae in Japan (14). Brown algae contain water-
soluble polysaccharides (dietary fibers), such as alginate, fu-
coidan, and laminaran (12, 15). Alginates are viscous compounds
found in the cell wall matrix and are polymers of glucuronic and
mannuronic acids. Fucoidans are sulfated fucans, which are also
located in the cell wall matrix. On the other hand, laminaran is a
B-1,3-glucan (terminating with glucose) that is contained in all
cells as a storage polysaccharide. These polysaccharides are not
digested by human intestinal enzymes but are instead broken
down and fermented into propionic and butyric acids by the in-
testinal microbiota, similar to the effects of prebiotics (16, 17).
Furthermore, these fermentable fibers were observed to suppress
intestinal putrefactive compounds, such as indole and phenol (8).
Several intestinal bacteria, such as Bacteroides distasonis, Bacte-
roides ovatus, and Clostridium ramosum, are known as alginic acid
and/or laminaran fermentable intestinal bacteria (18). Kuda et al.
(19) reported that oligosaccharides derived from laminaran by C.
ramosum promoted the growth of Bifidobacterium strains. More-
over, increased levels of bifidobacteria in the rat cecum by lami-
naran diet administration have been reported (17). However,
these results were determined by culture-dependent methods able
to detect only 1% of microorganisms from most environments
and capable of cultivating only 20 to 40% of intestinal microbiota,
due to culture media limitations and the existence of very-oxygen-
sensitive bacteria (20).

In the last decade, molecular methods such as denaturing gra-
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TABLE 1 Composition of test diets

Composition (grams/100 g) of test diet

Diet type Control Alginate Laminaran
Sucrose 50.0 50.0 50.0
Casein 20.0 20.0 20.0
Corn starch 20.0 18.0 18.0
Sodium alginate 2.0

Laminaran 2.0
Corn oil 5.0 5.0 5.0
AIN-76 mixed minerals 35 3.5 3.5
AIN-76 mixed vitamins 1.0 1.0 1.0
DL-Methionine 0.3 0.3 0.3
Choline bitartrate 0.2 0.2 0.2

dient gel electrophoresis (DGGE) (21) and terminal restriction
fragment length polymorphism (T-RFLP) (22) have been em-
ployed in the analysis of microbiota from various environments,
including the intestine. Recently, FLX amplicon pyrosequencing
was used in the identification of microbial communities in the
human intestinal tract (23). This method can clearly and minutely
identify the microbiota in one run.

To clarify the effect of edible algae on the intestinal environ-
ment, cecal microbiotas of rats fed diets containing no dietary
fiber (control), 2% (wt/wt) sodium alginate, or 2% (wt/wt) lami-
naran for 2 weeks were analyzed using FLX amplicon pyro-
sequencing with bar-coded primers targeting the bacterial 16S
rRNA gene. Furthermore, effects on cecal organic acid composi-
tion and putrefactive compounds were also determined.

MATERIALS AND METHODS

Animal experiment. The animal experiment was performed in compli-
ance with the fundamental guidelines for proper conduct of animal ex-
periments and related activities in academic research institutions under
the jurisdiction of the Ministry of Education, Culture, Sports, Science and
Technology of Japan and approved by the animal experiment committee
of Tokyo University of Marine Science and Technology (approval no.
2011-10). Four-week-old male Wistar rats (Clea Japan Inc., Tokyo, Japan)
were housed separately in metal wire cages and allowed free access to
water and food. After acclimation with a control diet (AIN-76-based diet)
(Table 1) for 7 days, the animals were divided into three groups (n = 6)
and given a control diet or experimental diet containing 2% (wt/wt) of
either sodium alginate (Wako Pure Chemical Industries, Osaka, Japan) or
laminaran (Tokyo Kasei, Tokyo, Japan) for 2 weeks. Body weight, fecal
frequency, and fecal amount were determined at the same time daily.
Next, rats were anesthetized with diethyl ether and exsanguinated from
the abdominal aorta. The cecum was excised and weighed. A portion of
the cecal content was used for direct total cell counts using the Gram stain
method (24). The remaining cecal content was stored at —80°C and used
for subsequent experiments.

Cecal chemical compounds. Cecal contents were diluted with four
volumes of distilled water, and levels of organic acids, cecal polysaccha-
rides, and low-molecular-weight saccharides were determined.

Organic acids (lactic acid, acetic acid, propionic acid, and n-butyric
acid) were determined by high-pressure liquid chromatography (HPLC)
procedures according to our previous report (8). Briefly, 200 wl of cecal
suspension was acidified with 50 wl of 1 mol/liter sulfuric acid and cen-
trifuged at 15,000 X g for 3 min at 4°C. After centrifugation, the superna-
tant was passed through a 0.45-pm-pore-size filter and injected into the
HPLC instrument using an ICSep ICE-ORH-801 column (Tokyo Kasei),
operated at 35°C, and eluted with 0.005 mol/liter of H,SO, at a flow rate

February 2013 Volume 79 Number 3

Brown-Algal Polysaccharides and Cecal Microbiotas

of 0.8 ml/min. Eluted compounds were detected by a refractive index
detector.

The cecal polysaccharide and low-molecular-weight saccharide con-
tents were determined by the phenol-sulfuric method (25) as mentioned
in a previous report (15). Briefly, saccharide in the aqueous solution was
determined as the total saccharide. Polysaccharide in the solution was
precipitated by the addition of ethanol. Next, the saccharide contentin the
supernatant was determined as the low-molecular-weight saccharide.
Polysaccharide content was calculated by the subtraction of the low-
molecular-weight saccharide from the total water-soluble saccharide.

Levels of ammonia, phenol, and sulfide compounds were determined
using reagent sets for water analysis (no. 7, 17, and 53; Kyoritsu Chemical-
Check Lab. Co., Tokyo, Japan) after dilution with four volumes of distilled
water (8). The level of indole was measured using Kovac’s reagent (26).

Pyrosequencing of bacterial 16S rRNA fragments. Bacterial DNA
from each cecal content sample was extracted using a Fast Pure DNA kit
(TaKaRa Bio Inc., Shiga, Japan) (27). Purified DNA was dissolved in Tris-
EDTA buffer and used as the DNA template in pyrosequencing.

DNA sequences of cecal contents were amplified individually with
primer pairs for the 16S rRNA gene. The region of the 16S rRNA gene was
amplified by PCR using bar-coded primers targeting 27 to 338 bp. The
primers contained five-base sample-specific bar code sequences denoted
as “X” and common linker (AC) sequences in the 5" end (23). The forward
primer was 5'-ctatgcgecttgccageccgetcag NNNNN AGAGTTTGATCCT
GGCTCAG-3', where the sequence of the A adapter is shown in lowercase
letters and N represents a 5-bp bar code that is unique for each sample.
The reverse primer was 5'-ctatgcgecttgecageccgetcag TGCTGCCTCCCG
TAGGAGT-3', where the sequence of the A adapter is shown in lowercase
letters. PCR amplification was performed in 100-pl reaction mixtures
composed of 10 mM Tris-HCI (pH 8.3), 50 mM KCI, 1.5 mM MgClL,, 50
pmol of each primer, 0.2 mM (each) 4 deoxynucleoside triphosphates
(dNTPs), 2.5 U of TaKaRa Ex Taqg DNA polymerase (TaKaRa Bio), and 50
ng of template DNA. PCRs were performed with an initial annealing tem-
perature set at 7.8°C above the expected annealing temperature, decreas-
ing by 0.6°C every second cycle until the expected annealing temperature
(60.2°C) was reached (total of 26 cycles), followed by 5 additional cycles at
the expected annealing temperature. Amplification was carried out using
the following cycle: denaturation was carried out at 94°C for 30 s, the
annealing time was 30 s, and primer extension was performed at 72°C for
10 s usinga GeneAmp 9700 thermal cycler (Applied Biosystems). Aliquots
(5 pl) of the PCR products were analyzed first by electrophoresis in 1%
(wt/vol) agarose gels. The PCR products were purified using the MinElute
PCR purification kit (Qiagen). An equal quantity (100 ng) of each PCR
amplicon, tagged with the sample-specific bar code sequences, was pooled
to give a total amount of 3.6 p.g.

The pooled DNA samples were adapter ligated with beads and ampli-
fied by emulsion PCR using a GS FLX Titanium SV emPCR kit (Roche,
CT). Beads were counted after emulsion PCR, and the same amount of
beads was put in a PicoTiterPlate. Pyrosequencing was performed using
the genome sequencer FLX system (Roche, CT). Sequences obtained from
pyrosequencing were analyzed with 454 BaseCaller 2.3 in genome se-
quencer FLX system software (Roche, CT). FLX pyrosequencing and anal-
ysis were carried out at TaKaRa Bio.

Taxonomy-based analysis at the phylum, family, genus, and species
levels were performed by assigning taxonomic status to each sequence
using BLAST analysis with the DNA Data Bank of Japan (DDB]J).

Statistical analysis. Data for body, cecal, and fecal weights and cecal
chemical compounds were expressed as means * standard deviations
(SD) or standard errors of the means (SEM). Statistical analysis for the
animal experiment was performed using EXCEL Statistic 5.0 (Esumi
Co., Ltd., Tokyo, Japan). One-way analysis of variance (ANOVA) was
used to assess the effects of treatments. Significant differences were
accepted at P values of <0.05. When significant variation was found,
Dunnett’s test was used to determine differences between the control
and test diet groups.
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FIG 1 Body, cecal, and fecal weights of rats fed diets containing no dietary
fiber (control), 2% (wt/wt) Na-alginate, or 2% laminaran. (A) Changes in rat
body weight. (B) Endpoint cecal weights. (C) Endpoint cecal content. (D)
Numbers of feces per day. (E) Amount of feces per day. Symbols: control
(circles), alginate (triangles), or laminaran (squares). Values are expressed as
means and SEM. *, P < 0.05; **, P < 0.01 (n = 6).

RESULTS

Body, cecal, and fecal weights. Body, cecal, and fecal weights of
rats fed AIN-76-based diets containing 2% (wt/wt) of either alg-
inate or laminaran are shown in Fig. 1. There were no significant
differences among the three groups in final body weight gain,
ranging from 214 g/rat to 252 g/rat (Fig. 1A), although the in-
creases in rats fed alginate tended to be smaller than in rats fed the
other diets. Cecal weight was increased by both alginate and lami-
naran (Fig. 1B); in particular, the laminaran group cecal weight
was 2-fold greater than the control group. The amounts of cecal
contents in the control, alginate, and laminaran groups were 1.8 g,
2.8 g, and 2.0 g, respectively (Fig. 1C). The average fecal frequen-
cies were about 7.0, 12.1, and 8.5 times/day/rat, while the average
fecal amounts were about 0.77, 1.31, and 1.27 g/day/rat in rats fed
control, alginate, and laminaran diets, respectively (Fig. 1D
and E).

Cecal carbohydrate, organic acid, and putrefactive com-
pound contents. As shown in Fig. 2, the levels of soluble polysac-
charides were 1.6, 4.4, and 2.9 mg/g and those of low-molecular-
weight saccharides were 0.7, 2.8, and 1.4 mg/g cecal content in rats
fed control, alginate, and laminaran diets, respectively. Alginate
administration increased soluble polysaccharide and low-molec-
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FIG 2 Cecal carbohydrates in rats fed diets containing no dietary fiber (con-
trol), 2% (wt/wt) Na-alginate, or 2% laminaran. Cecal polysaccharides (gray
bars) and low-molecular-weight saccharides (white bars). Error bars indicate
SEM. *, P < 0.05; **, P < 0.01 (n = 6).
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FIG 3 Cecal organic acid content of rats fed diets containing no dietary fiber
(control), 2% (wt/wt) Na-alginate, or 2% laminaran. (A and B) Cecal organic
acid composition per gram content (A) and whole content (B). Ba, butyric
acid; Pa, propionic acid; Aa, acetic acid; La, lactic acid. ¥, P < 0.05 (n = 6).

ular-weight saccharide levels in the cecum; >2-fold increases were
observed. In the laminaran group, these levels showed a tendency
to be elevated.

Cecal organic acids are summarized in Fig. 3. Laminaran sup-
plementation increased total organic acids; notably, propionic
acid was significantly increased from 6.9 mmol/kg (control) to
12.5 mmol/kg. Furthermore, other organic acids and total organic
acids in the cecal contents showed a tendency to increase with
laminaran administration. On the other hand, total cecal organic
acids were the highest in rats fed alginate (Fig. 3B).

Production of intestinal putrefactive compounds was notably
suppressed by the alginate and laminaran diets (Fig. 4A to D).
Indole, H,S, and phenol were significantly decreased by alginate,
as well as laminaran, compared with the control; indole was sup-
pressed from 311.9 to 123.6 and 83.5 mg/kg cecal content by algi-
nate and laminaran, respectively. H,S levels were 14.0, 6.1, and 9.3
mg/kg cecal content in rats fed control, alginate, and laminaran,
respectively. Phenol levels decreased from 82.8 to 51.7 and 56.7
mg/kg cecal content in rats fed alginate and laminaran, respec-
tively. However, ammonia levels were decreased by alginate ad-
ministration alone.

Microbiota in cecal contents. From direct counts using Gram
staining, the total bacterial counts were 10.38, 10.52, and 10.61 log
cells/gram cecal content in rats fed control, alginate, and lamina-
ran, respectively. The intestinal microbiota was examined using py-
rosequencing with bar-coded primers targeting the bacterial 16S
rRNA gene. Total reads of each sample were 11,400 * 349, 13,217 =
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FIG 4 Cecal putrefactive compound levels in rats fed diets containing no
dietary fiber (control), 2% (wt/wt) Na-alginate, or 2% laminaran. (A to D)
Putrefactive compounds indole (A), H,S (B), phenol (C), and ammonia (D).
Error bars indicate SEM. **, P < 0.01 (n = 6).
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TABLE 2 Characteristics of pyrosequencing quality”

Pyrosequencing quality of test diets

Characteristic Control Alginate Laminaran
No. of sequences 11,400 £ 349 13,217 = 516* 12,053 = 1,362
Sequence length (bp) 350 = 2 349 =0 344 + 3

No. of phylotypes 152+ 9 112 + 18** 162+ 6

“Values are means and SD. *, P < 0.05; **, P < 0.01 (n = 6).

516, and 12,053 * 1,362 in rats fed control, alginate, and laminaran
diets, respectively (Table 2). Additionally, the average sequence
length was around 346 bp and matched the targeted region.

The microbiota at the phylum level is shown in Fig. 5. The most
represented phylum in the three diet groups was Firmicutes, ac-
counting for about 81.1 to 93.4% of genes. Compared with the
control diet (81.1%), the ratio of Firmicutes genes to total 16S
rRNA genes increased in the alginate (93.4%) and laminaran
(90.6%) groups. In addition, the ratio of Actinobacteria genes to
total 16S rRNA genes was increased by alginate administration,
from 1.2% (control) to 4.2%, while the ratio of Proteobacteria was
increased in the laminaran group (1.3%).

At the family level, Clostridiaceae, Erysipelotrichaceae, and
Lactobacillaceae were detected in all diet groups at similar levels
across groups. Specifically, Erysipelotrichaceae dominated in the
control and laminaran groups (control, 23.9%; alginate, 31.4%;
and laminaran, 28.2%).

Figure 6 shows the cecal microbiota at the genus level. Allo-
baculum dominated in all groups (control, 24.0%; alginate,
31.4%;and laminaran, 28.2%); however, Bacteroides was observed
in the alginate group (37.6%), with Bacteroides capillosus as the

(1) 3%

Control

Alginate

Brown-Algal Polysaccharides and Cecal Microbiotas

majority. In the control group, Lactobacillus (18.2%), Clostridiales
bacterium (16.8%), and Clostridium (9.1%) followed Allobacu-
lum, whereas Pontibacter, Anaerophaga, Prevotella, and Oscillibac-
ter were only detected in the control group. Enterorhabdus was
only confirmed in the alginate group, whereas Eubacterium and
Ruminococcus were not detected. In addition, only 6 genus types
constituting >1% were observed in the alginate group, with low
phylotype diversity compared with others. The actual numbers of
phylotypes were 152, 112, and 162 in rats fed control, alginate, and
laminaran diets, respectively (Table 3). In the laminaran group, a
number of genera were detected that were not present in the other
groups. For example, Parabacteroides, Lachnospiracea bacterium,
and Parasutterella accounted for 1.4, 13.0, and 1.2% in the lami-
naran group.

In this study, pyrosequencing data were also analyzed at the
species level (Table 3). Among them, 3.14% of all sequence copies
from the laminaran group were C. ramosum. In addition, Para-
bacteroides distasonis was detected at 1.36% in the laminaran
group. These were not detected in the control and alginate groups.
Furthermore, B. capillosus comprised 37.1% of all sequence copies
detected in the alginate group; levels detected in the control and
laminaran groups were <2.5%.

DISCUSSION

Although seaweeds have become increasingly popular as a health
food (marine vegetables) outside Japan and other Far East Asian
countries (28), the consumption of edible algae in Japanese adults
remains high (approximately 14.3 g/day) (29). Recently, a study
characterized the first porphyranases from a member of the ma-
rine Bacteroidetes, Zobellia galactanivoran (13). These porphyra-
nases were active on the sulfated polysaccharide porphyran from

Laminaran

FIG 5 Characterization of the intestinal microbiota in rats fed diets containing no dietary fiber (control), 2% (wt/wt) Na-alginate, or 2% laminaran using
pyrosequencing of bacterial 16S rRNA genes. The composition of intestinal microbiota was detected at the family level. The phylum percentages are shown
in each outer circle. FE, Firmicutes; BA, Bacteroidetes; AC, Actinobacteria; and PR, Proteobacteria. Additionally, each circle is separated by family level:
Coriobacteriaceae (a), other Actinobacteria (b), Bacteroidaceae (c), Bacteroidales bacterium (d), Cytophagaceae (e), Marinilabiaceae (f), Prevotellaceae (g),
Porphyromonadaceae (h), other Bacteroidetes (i), Clostridiaceae (j), Clostridiales bacterium (k), Eubacteriaceae (1), Lachnospiraceae (m), Lactobacillaceae
(n), Lactobacillales bacterium (o), Erysipelotrichaceae (p), Oscillospiraceae (q), Ruminococcaceae (r), other Firmicutes (s), Alcaligenaceae (t), other Pro-

teobacteria (u), and B. capillosus (*).
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FIG 6 Characterization of the intestinal microbiota of rats fed diets containing no dietary fiber (control), 2% (wt/wt) Na-alginate, or 2% laminaran using
pyrosequencing of bacterial 16S rRNA genes. The composition of intestinal microbiota was detected at the genus level: Enterorhabdus (a), other Actinobacteria
(b), Bacteroides (c), Bacteroidales bacterium (d), Pontibacter (e), Anaerophaga (f), Parabacteroides (g), Prevotella (h), other Bacteroidetes (i), Clostridium (j),
Clostridiales bacterium (k), Eubacterium (1), Lachnospiraceae bacterium (m), Lactobacillus (n), Lactobacillales bacterium (o), Allobaculum (p), Oscillibacter (q),
Ruminococcus (r), other Firmicutes (s), Parasutterella (t), other Proteobacteria (u), and B. capillosus (*).

the marine red algae of the genus Porphyra, and genes encoding
these porphyranases, agarases, and associated proteins have been
transferred to the intestinal bacterium Bacteroidetes plebeius, iso-
lated from Japanese individuals (13). However, the consumption
of brown algae such as kombu and wakame exceeds that of red
algae in Japan (14).

Low-molecular-weight polysaccharides and oligosaccharides de-
rived from brown algae have been reported to exhibit prebiotic activ-
ity (30, 31). In this study, increases in soluble polysaccharides and
mono- and oligosaccharides were observed in the cecal contents of
rats fed alginate and laminaran. This result suggests that dietary fiber
from the small intestine was the source of sugars in the cecum and/or
was liberated from polysaccharides by cecal microbiota.

Levels of cecal organic acids were increased, while the levels of

putrefactive compounds were decreased, by alginate and lami-
naran administration (Fig. 3), results that confirm our previous
study (8). Decreases in intestinal putrefactive compounds are
thought to reduce the risk of cancer (9). In this study, butyrate
tended to be high in the cecal contents of rats fed laminaran (Fig.
3B). Interestingly, butyrate is the preferred energy source for
colonocytes and has a protective effect against colon disease (32).
Propionicacid is an important anti-inflammatory agent, influenc-
ing adipokine secretion by stimulating leptin and reducing resistin
expression, as well as having an anabolic effect by stimulating two
important metabolic pathways that are also stimulated by insulin
(33). Some have reported that the production of putrefactive
compounds is regulated by poly- and oligosaccharides. For exam-
ple, lactulose has been used as medicine for hyperammonemia

TABLE 3 Predominant bacteria in the cecal content of rats fed test diets, analyzed by FLX pyrosequencing and BLAST

Predominant bacterium in cecal content of rats fed test diets

Ratio of identified
clones to total
detected clones

Ratio of identified
clones to total
detected clones

Ratio of identified
clones to total
detected clones

Expt  Control (%) Alginate (%) Laminaran (%)
1 Allobaculum stercoricanis 22.98 Bacteroides capillosus 37.10 Allobaculum stercoricanis 28.42
2 Clostridiales bacterium 16.87 Allobaculum stercoricanis 31.42 Lachnospiraceae bacterium  13.20
3 Lactobacillus intestinalis 11.77 Clostridiales bacterium 11.96 Clostridiales bacterium 12.16
4 Clostridium sp. 7.12 Enterorhabdus caecimuris 3.85 Eubacterium rectale 7.23
5 Lactobacillus reuteri 5.42 Lactobacillus intestinalis 3.50 Lactobacillus reuteri 3.62
6 Pontibacter sp. 3.84 Clostridium sp. 1.90 Lactobacillus intestinalis 3.28
7 Prevotella sp. 3.52 Clostridium islandicum 0.69 Clostridium ramosum 3.14
8 Anaerophaga sp. 2.44 Clostridium orbiscindens 0.68 Lactobacillus johnsonii 2.38
9 Eubacterium coprostanoligenes ~ 2.43 Turicibacter sanguinis 0.66 Eubacterium cylindroides 2.34
10 Ruminococcus sp. 2.31 Parasutterella excrementihominis ~ 0.65 Lactobacillales bacterium 2.14
11 Bacteroidetes bacterium 2.27 Lactobacillus johnsonii 0.60 Bacteroidetes bacterium 1.65
12 Bacteroides capillosus 2.24 Ruminococcus sp. 0.49 Bacteroides capillosus 1.64
13 Lactobacillales bacterium 1.60 Clostridium bolteae 0.44 Clostridium orbiscindens 1.44
14 Allobaculum sp. 1.10 Prevotella sp. 0.40 Parabacteroides distasonis 1.36
15 Oscillibacter sp. 1.10 Bacteroidetes bacterium 0.37 Clostridium sp. 1.28
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(34). Laminaran is a highly fermentable polysaccharide of low
viscosity, thereby capable of regulating levels of indole, H,S, and
phenol; paradoxically, the effects of the highly viscous alginate
were largely the same. Potential toxic substances, such as ammo-
nia, indole, and phenols, which arise from intestinal putrefaction,
are also thought to be important in the development of colorectal
cancer, ageing, etc. (35). Furthermore, putrefactive fermentation
products were used for the growth of some saccharolytic species,
such as Clostridium sp. and Bacteroides sp. For example, when
human feces are incubated with lactulose or other fermentable
substrate, such as glucose or mannitol, ammonia is utilized by the
microbiota (36).

We employed FLX pyrosequencing with bar-coded primers
targeting the bacterial 16S rRNA gene, a method capable of detect-
ing bacterial changes undetectable by culture-dependent meth-
ods. Actually, the intestine hosts 10 to 10'* bacteria belonging to
at least 500 different species or strains in adult human intestine
contents (1), with the majority unculturable. Until recently, the
study of microbiota has employed molecular methods such as
DGGE and T-RFLP. It has been reported that while the procedure
was sensitively performed, DGGE analysis could not differentiate
between all species (37). Furthermore, results obtained by T-RFLP
underestimated the number of strains or species in the bacterial
community (38). However, we detected 110 to 160 phylotypes in
each diet group using our primer sets and pyrosequencing.

At the family level, Lachnospiraceae were abundant in the lami-
naran group. Lachnospiraceae are known as pectin and cellulose
degraders that are important in colonic fermentation of dietary
fibers (39). While we used different dietary fibers, alginate and
laminaran, the Lachnospiraceae observed in the laminaran group
might play the same role in the intestine following consumption of
pectin and cellulose. Furthermore, Bacteroidaceae were dominant
in the alginate group. Among these, the greatest proportion was
composed of B. capillosus. B. capillosus is usually found in the
intestinal tract of humans (40) and has the ability to ferment 1,3-
1,4-B-glucanase (27) and pectin (41). However, in recent reports,
B. capillosus was reclassified using genotyping to Firmicutes and
was found to be closely related to Clostridium or Ruminococcus
(40, 42, 43).

At the genus level, Allobaculum was dominant in all diet groups
and was increased by supplementation with algal dietary fibers.
Allobaculum, a Gram-positive non-spore-forming anaerobic rod,
was isolated from dog feces (44), the intestines of mice fed diets
containing 50% ground beef (45), and the feces of commercial
pigs (46); however, it was not dominant in these samples. On the
other hand, Allobaculum was detected as dominant in the intestine
of hamsters fed an AIN-93 M diet and was increased by grain
sorghum lipid extract supplementation, which was correlated
with cholesterol metabolic improvement (24). The blood choles-
terol-lowering effect of alginate has been reported, which might be
associated with its fermentation properties (47).

C. ramosum was identified as predominant in the laminaran
group, although this species was not detected in the control and
alginate groups. C. ramosum is a normal bacterium of the human
intestine and is known to ferment laminaran (25). The degrada-
tion products produced from laminaran by C. ramosum, such as
glucose, laminaribiose, and laminaritriose, might promote other
bacteria, including Bifidobacterium, in the intestine (19). In addi-
tion, it was reported that Bacteroides thetaiotaomicron and Para-
bacteroides distasonis were laminaran-fermenting bacteria (21). P.
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distasonis was also increased in the laminaran group, indicating
that it might play a similar role to C. ramosum in the intestine.
While B. ovatus is known as an alginate-fermenting bacteria, we
were unable to detect it. However, another Bacteroides bacterium
was abundantly found in the alginate group and might be involved
in alginate fermentation.

In conclusion, changes in intestinal microbiota by alginate and
laminaran administration were clarified using FLX pyrosequenc-
ing. We confirmed that dietary fiber was fermented by intestinal
bacteria and polysaccharide-fermenting bacteria increased with
the ingestion of dietary fiber. This is the first time that we have
detected increases in levels of C. ramosum, which was reported as
a habitat for laminaran-fermenting bacteria in normal human in-
testine, in a rat model following laminaran administration. Rat
models have been widely employed for extrapolating results to
humans; we expect that our results can be similarly applied. The
results also indicate that edible brown algae can alter and possibly
improve the intestinal environment. However, currently, numer-
ous alginate- and/or laminaran-related bacterial genes have not
been classified to the species or genus level. Further studies regard-
ing isolation and identification of novel intestinal fermentative
bacteria, as well as metagenomic analysis of intestinal content, are
now in progress.
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