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Abstract

To clarify the presence of algal-susceptible indigenous bacteria (SIB) in the gut, ICR mice were fed high-sucrose (50% w/w) diets
containing either no fibre (NF), 5% brown alga “arame”, Eisenia bicyclis; 5% red alga “tsunomata”, Chondrus ocellatus; 5%
(w/w) green alga “hitoegusa”, Monostroma nitidum; or 5% (w/w) cyanobacterium “blue-green alga”, Aphanizomenon flos-aquae
for 14 days. Faecal frequency and weight were the highest in mice fed M. nitidum. Plasma cholesterol was the lowest in the mice
fed C. ocellatus. The caecal microbiome was examined by 16S rDNA (V4) amplicon sequencing. Principal component analysis
of operational taxonomical units (OTUs) revealed that the edible algae altered the microbiome. An increase in abundance levels
of OTUs by E. bicyclis (Bacteroides acidifaciens-, Bacteroides intestinalis-, Bifidobacterium pseudolongum-like), C. ocellatus
(Bacteroides vulgatus- and Escherichia coli-like), M. nitidum (Faecalibaculum rodentium- and Muribaculum sp.-like), and
A. flos-aquae (Muribaculum sp.) was detected. Abundance of Lactobacillus johnsonii was the lowest in mice fed the algal diets.
Bacteria that increased in numbers were identified as algal SIBs. SIBs might have different effects on host health depending on
the food material consumed. From the algal SIBs, B. pseudolongum, B. vulgatus, F. rodentium, and L. johnsonii were isolated
using blood-liver agar and identified with the 16S rDNA BLAST search. Future studies should be focused on isolation of other

SIBs.
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Introduction

In East Asian countries such as China, South Korea, and Japan,
life expectancy of the aging population has increased with
improved medical, sanitary, hygiene, and nutritional condi-
tions (Kido 2015; Lee et al. 2016; Bao et al. 2017).
However, the incidence of lifestyle diseases such as obesity,
diabetes, hyperlipidaemia, and hypertension have increased
with increasing adoption of the westernized diet that contains
high-fat and low—dietary fibre (Park et al. 2016; Htun et al.
2017; Winglee et al. 2017). For example, lifestyle diseases in
Japan, including malignant neoplasms, which are mainly the
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result of aging and poor diet, consume a third of total medical
expenses, and are responsible for deaths of more than half
population (Cabinet Office Japan 2018). Although exercise
and diet therapy are generally effective for prevention of life-
style diseases, the demand for functional food materials has
increased recently, including probiotics and prebiotics
(Santeramo et al. 2018).

In healthy normal humans and other mammals, 11-12 log
cells g " and 500-1000 bacterial species are present in the large
intestine and the gut microbiome affects host health (Marchesi
etal. 2016). In general, Bifidobacterium and Lactobacillus spp.
are recognised as beneficial gut bacteria present in humans and
laboratory rodents (Kato et al. 2017). Therefore, studies on
various food ingredients that promote gut Bifidobacterium
and Lactobacillus have been reported (Delgado and
Tamashiro 2018). However, it is speculated that functional
ingredient-susceptible indigenous bacteria (SIB) species in
the intestine vary with host species and/or individuals. It is also
important to investigate whether an increase or decrease in SIB
abundance actually affects the health of the host.

In a previous study, Lactobacillus plantarum ANI,
screened for its in vitro antioxidant and anti-inflammatory
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properties, ameliorated the activity of dextran sodium
sulphate-induced inflammatory bowel disease with increased
gut indigenous Lactobacillus reuteri (Yokota et al. 2018a) in
the ICR mouse model. Indigenous L. reuteri abundance also
increased in normal ICR mice in the presence of L. plantarum
ANT1, but decreased in ICR mice fed a high-fat, high-sucrose,
low—dietary fibre diet (Kuda et al. 2017; Yokota et al. 2018b).
In the case of normal BALB/c mice, L. plantarum ANI in-
creased the abundance of gut indigenous L. plantarum (Kuda
etal. 2019).

The traditional Japanese diet is believed to have potential
health benefits (Sugawara et al. 2018). Edible algae are a
major component of traditional Japanese cuisine and have
various beneficial functions, such as hypocholesterolemia, an-
tioxidation, and antiglycation, due to their richness in dietary
fibres, minerals, polyphenols (phlorotannins), and flavonoids
(Kuda and Tkemori 2009; Eda et al. 2016; Takei et al. 2017,
Zhao et al. 2018). Although the effects of their functional
compounds on the gut microbiome using the culture-
dependent method have been reported (Nakata et al. 2016;
Shang et al. 2018; Yang et al. 2019), the detailed effects of
the whole algal body as a food stuff on the microbiome and
algal SIBs have not been yet been revealed.

In this study, to verify the presence and influence of algal
SIB on the host, the gut microbiomes of ICR mice fed diets
containing the brown alga “arame”, Eisenia bicyclis; red alga
“tsunomata”, Chondrus ocellatus; green alga “hitoegusa”,
Monostroma nitidum;, or cyanobacterium “blue-green alga”,
Aphanizomenon flos-aquae were determined by 16S rDNA
amplicon sequencing method using a next-generation se-
quencer MiSeq system (Jovel et al. 2016). The three marine
algae have been used in Japanese cuisine since ancient times
(Takei et al. 2017) and the dried powder of the cyanobacteria
has more recently been used as a health food (Taniguchi et al.
2019). Furthermore, in order to explore the algal SIB, typical
gut bacterial colonies were isolated on nonselective and highly
discriminating media (blood and liver (BL) agar plates)
(Mitsuoka 2014).

Materials and methods
Samples

Dried powder products of E. bicyclis (EB), C. ocellatus (CO),
and M. nitidum (MN) harvested in the Boso Peninsula, Japan,
were obtained from Suzuki Nori Co. (Choshi, Japan). Powder
of A. flos-aquae (AFA), harvested in Upper Klamath Lake,
Oregon, was obtained from Dr’s Choice Co. (Tokyo, Japan).
The mineral composition, carbohydrate, polysaccharide and
phenolic compound content, and antioxidant properties of
EB, CO and MN were shown in a previous study (Takei
et al. 2017). The compositions of mineral, sugars, organic
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acids, and free amino acids in AFA were also previously re-
ported (Taniguchi et al. 2019).

Animal care

Animal experiments were performed in compliance with the
“Fundamental Guidelines for Proper Conduct of Animal
Experiment and Related Activities in Academic Research
Institutions” under the jurisdiction of the Ministry of
Education, Culture, Sports, Science, and Technology, and ap-
proved by the animal experiment committee of the Tokyo
University of Marine Science and Technology (approval No.
H30-4).

Thirty 5-week-old male ICR mice were purchased from
Tokyo Laboratory Animal Science (Tokyo, Japan) and were
housed in metal wire cages (three mice per cage), at 22 +£2 °C.
The mice were acclimated to a high-sucrose-low—dietary fibre
diet (NF), as shown in Table 1, with distilled water for drink-
ing ad libitum. After 7 days, mice were divided into five
groups (n=06) and fed diets containing either no fibre (NF),
5% (w/w) EB, 5% CO, 5% MN, or 5% AFA for 14 days.
During the 11-13 feeding days, defecation frequency and fae-
cal weight were measured.

After feeding, the mice were anaesthetised with isoflurane
(Fujifilm Wako Pure Chemical Corporation, Japan) and bled
from the abdominal aorta. Following lethal exsanguination,
the liver, spleen, kidneys, and epididymal fat pads were re-
moved and weighed. The cecum was ligated before being
excised and cooled on ice until further use for microbial
analysis.

Plasma lipid and glucose levels

Plasma triacylglyceride (TG), total cholesterol (TC), and glu-
cose (Glu) levels were determined using commercial kits
(Triglyceride E-Test Wako, Total Cholesterol E-Test Wako,
Glucose CII-Test Wako, respectively; Fujifilm Wako Pure
Chemical Corporation).

Viable counts and identification of caecal microbiota
using blood-liver agar and BLAST search

The culture-independent method was carried out as described
in a previous study (Kuda et al. 2019). The content was im-
mediately prepared as a 1:100 dilution with phosphate-
buffered saline (PBS; Nissui Pharmaceuticals, Japan), con-
taining 0.1% (w/v) agar. The diluted samples (0.03 mL) were
plated on blood-liver (BL) agar (Nissui Pharmaceuticals)
plates containing 5% (v/v) defibrinated horse blood (Nippon
Bio-Supp. Center, Tokyo, Japan), and incubated at 37 °C for
48 h under anaerobic conditions, using an AnaeroPack
(Mitsubishi Gas Chemical, Japan). According to the method
described by Mitsuoka (2014), the detected colonies were
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Table 1 Composition of test diets (g (100 g)fl)
No fibre 5% Algae

Dried algal powder 5.0
Milk casein 20 20
DL-Methionine 0.3 0.3
Corn starch 20 15
Sucrose 50 50
Corn oil 5.0 5.0
Vitamin mix (AIN-76) 1.0 1.0
Mineral mix (AIN-76) 3.5 35
Choline bitartrate 0.2 0.2

enumerated for each morphology. Three to five of the typical
colonies were isolated and purified using BL agar and
AnaeroPack. Amplification of the 16S rRNA gene, using
PCR primers 27F and 1492R, and sequencing of the
amplicons, was performed by Macrogen Japan Corp.
(Kyoto, Japan). The homology search was performed using
BLASTn of the DNA Data Bank of Japan (http://ddbj.nig.ac.
jp/blast/blastn).

Direct bacterial cell count

The caecal direct bacterial cell count was performed following
the procedure previously described (Shikano et al. 2019).
Briefly, bacterial cells were prepared as a 1:100 dilution with
PBS, and counted by dielectrophoretic impedance measure-
ment (DEPIM) (Hirota et al. 2014) using a Bacteria Counter
(PHC, Tokyo, Japan). Both live and dead cells were counted
using DEPIM.

Analysis of caecal microbiota using 16S rDNA
amplicon sequencing

Amplicon sequencing of the 16S rDNA was conducted by
Fasmac Co., Ltd. (Atsugi, Japan). DNA was extracted from
the samples using an MPure bacterial DNA extraction kit (MP
Bio Japan, Japan). The DNA library was prepared using a
two-step polymerase chain reaction (PCR) (Sinclair et al.
2015). The V4 region was amplified in a 23-cycle PCR using
a forward primer 515f 5'-ACACTCTTTCCCTACACGAC
GCTCTTCCGATCTGTGCCAGCMGCCGCGGTAA-3'
and reverse primer 806r: 5'-GTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTGGAC
TCHVGGGTWTCTAAT-3'. Thereafter, individual DNA
fragments were tagged in an eight-cycle PCR using forward
primer: 5'-AATGATACGGCGACCACCGAGATCTA
CAC-[sequence for individual mouse]-ACACTCTT
TCCCTACACCGACGC-3" and reverse primer: 5'-CAAG
CAGAAGACGGCATACGAGAT-[sequence for individual
mouse]-CTGACTGGAGTTCAGACGTGTG-3'. DNA

libraries were multiplexed and loaded in an Illumina MiSeq
instrument (Illumina, USA). Readings with a mismatched se-
quence at the start region were filtered using the FASTX
Toolkit (http://hannonlab.cshl.edu/fastx toolkit/); reads with
quality below 20 and shorter than 40 base pairs were
omitted using Sickle (https://github.com/ucdavis-
bioinformatics/sickle). The shortlisted reads were merged
using the pair-end merge script FLASH (http://ccb.jhu.edu/
software/FLASHY/), and 240-260 base length reads were se-
lected. From the selected reads, chimeras were identified
using a bioinformatics pipeline QIIME (http://qiime.org/
tutorials/chimera_checking.html) and omitted. Sequences
were clustered into operational taxonomic units (OTUs) ac-
cording to a 97% identity cut-off using the QIIME workflow
script and Greengenes database (http://greengenes.lbl.gov/).

Diversity of the microbiota

The alpha and beta diversity of the gut microbiome in mice
was expressed using the Shannon-Wiener index (H') and prin-
cipal component analysis (PCA), respectively (Gafan et al.
2005; Shibayama et al. 2018). PCA was calculated based on
the number of OTUs in dominant bacterial genes (filtered by
0.1% counts of whole OTU), and analysed using Easy PCA
software (http://hoxom-hist.appspot.com/pca.html).

Statistical analysis

The results of body and organ weights and alpha diversity
indices were expressed as the mean value + standard error of
the mean. Data were subjected to analysis of variance and
Tukey’s post hoc tests, using a statistical software package
(Excel Statistic Ver. 6, Japan). p <0.05 was considered statis-
tically significant.

Results

Body, organ, and faecal weights, and plasma lipid
and Glu levels

During the feeding period, no symptoms or abnormalities
were observed in any of the mice. Body, faecal, and organ
weights of the test mice are summarised in Table 2. No sig-
nificant differences in body and organ weights were observed
among the diet groups, though they tended to be lower in mice
fed CO. Defecation frequency and faecal weight were signif-
icantly increased by dietary intake of three marine algae EB,
CO, and MN, and were the highest in mice fed MN. The
plasma TG level tended to be low in the CO group, though
the difference was not statistically significant. The plasma TC
level in the CO group was 30% lower than that in the NF
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Table 2  Body, faecal, organ weights, and levels of plasma lipids and glucose in test mice

No fibre FEisenia bicyclis Chondrus Monostroma Aphanizomenon
ocellatus nitidum flos-aquae
Body weight (g)
Initial 31.5+03 31.0 £ 1.1 30.7 £ 0.7 309 +0.2 30.9+0.7
After 14 days 41.7+0.8 420+12 389+ 1.7 424 +£1.0 402+14
Gain 10.2 £ 0.6 11.0 + 1.1 82+22 11.6 £0.9 93+1.0
Faeces
Frequency (n day 'mouse ™) 22.1 + 1.6¢ 422 + 4.0 483 £3.6™ 59.0 £2.8° 30.9+3.2%
Weight (g day ' mouse ) 0.219 £ 0.023° 0.453 + 0.051° 0.584 £ 0.063™ 0.669 + 0.040° 0.388+0.053%
Colon length (cm) 9.1 +03% 89 £ 1.1%° 8.4 +03° 9.9 +£0.3* 8.7+0.3%®
Organ weight (g (100 g) ' body weight)
Liver 593 +0.16 6.04 £ 0.17 5.88 +£0.19 591 +0.20 6.56+£0.25
Kidneys 1.44 +0.08 1.67 £ 0.07 1.48 £ 0.03 1.48 £ 0.06 1.52£0.06
Spleen 0.249 + 0.022 0.222 + 0.009 0.220 £ 0.014 0.236 £ 0.011 0.231+0.021
Epididymal fat pads 3.79 £0.29 3.03 +£0.30 348 +£0.22 4.01 £0.16 3.24+0.39
Plasma lipids and glucose (mg 100 mL™")
Triacylglycerol 161 £ 25 174 + 30 96 £ 16 171 £ 19 138+13
Total-cholesterol 141 + 8 140 + 6° 98 + 8° 123 + 7% 12412
Glucose 361 + 36 394 £ 20 390 + 39 318 £ 30 299+47

Values represent mean and SEM (n = 6).*° Means with different letters are significantly different at p < 0.05

group. Plasma Glu levels tended to be lower in MN and AFA
groups.

Direct cell count and diversity of caecal microbiome

The direct bacterial cell count using DEPIM was approximate-
ly 11.2 log cells g ' caecal matter in mice fed the NF diet and
the count was not affected significantly by the addition of
algae to the diet (Table 3). The total read number ranged from
101,000-136,000 and tended to be low in mice fed AFA and
EB. Compared with the NF group, the number of OTU types
was 32% lower in the AFA group. On the other hand, there
were no significant differences in Shannon-Wiener H'as an a-
diversity index.

Figure 1 shows PCA of the major OTUs (>0.1% abun-
dance) of caecal bacteria. PC1 vs. PC2 and PC2 vs. PC3 show
that microbiome diversity varied with the intake of different
algae, particularly for EB and AFA. Among the five groups,
individual differences in the microbiome were small for the
MN group.

Abundances of caecal microbiome at phylum
and genus levels

Caecal microbiome at the phylum and genus levels are sum-
marized in Fig. 2. Firmicutes was the most dominant phylum
in the NF group, comprising approximately 66% of the
microbiome, but it was lowered significantly to 41% in mice
fed EB. The second-most dominant phylum in the NF group

Table 3 Direct cell count, number of reads of bacterial genes by 16S rDNA amplicon sequencing, and their alpha-diversity in caecal content of test

mice
No fibre FEisenia bicyclis Chondrus ocellatus Monostroma nitidum Aphanizomenon
flos-aquae
Direct cell count (log cells g ') 11.19 £ 091 11.19 £ 0.89 10.76 £ 0.92 11.11 £ 0.92 10.95 + 1.01

16S rDNA amplicon sequencing

Total reads 136335 + 8012 113884 + 5309
Number of OTUs 5232 + 350% 4705 + 200%°
Shannon-Wiener H' index 3.014+0.174 3.046 + 0.176

121270 + 14728
4864 + 470°°
3307 £0.119

126469 + 4639
5552 + 2207
3.188 £ 0.173

100911 + 8877
3541 + 262°
3.017 +0.130

Values represent mean and SEM (n=6).> ® Means with different letters are significantly different at p < 0.05
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Fig. 1 Principal component analysis of major OTUs (> 0.1%) in the caecal microbiome of mice fed high-sucrose diets containing either no fibre (NF),
5% (w/w) Eisenia bicyclis (EB), 5% Chondrus ocellatus (CO), 5% Monostroma nitidum (MN), or 5% Aphanizomenon flos-aquae (AFA). (n = 6)

was Actinobacteria (25%), the abundance of which was de-
creased (to 13%) in the CO group. The third-most dominant
phylum in the NF group was Bacteroidetes (8%) and its abun-
dance was high (32%) in the EB group. Proteobacteria was
also detected as a dominant phylum in the NF group (1%) and
its abundance was high (11%) in the CO group.

At the genus level within the Firmicutes, Allobaculum was
dominant (33%) in the NF group, followed by Lactobacillus
(10%), Clostridiaceae g. (8%), and Turicibacter (5%). Among
the dominant genera, abundance of Clostridiaceae g. was low
in mice fed marine algaec EB, CO, and MN. Furthermore,
Turicibacter was hardly detected in the EB group. The domi-
nant member of Actinobacteria genus in all mouse groups was
Bifidobacterium, followed by Coriobacteriaceae g. Compared
with the NF group, Bifidobacterium abundance was low in CO
and AFA groups. Bacteroidetes in the NF group were divided

Phyla

100%
b b a b b
90% I . .
Verrucomicrobia
80% I M Proteobacteria
70% L B Firmicutes
a b a a a .
60% M Deferribacteres
s b
M Bacteroidetes
50% ; i
° M Actinobacteria
40% | Other
a ab b ab
a b ab ab

Relative abundance (%)

mainly into Bacteroidales, f S24-7 g., and Bacteroides. The
abundance of Bacteroides was significantly high (25%) in the
EB group. Among the phyla, the abundance of Prevotella was
high in the CO and MN groups. Bacteroidales, f S24-7 g., and
Rikenellaceae g. abundances were high in the AFA group.
Almost all the Proteobacteria in the CO group were
Enterobacteriaceae g.

Dominant OTUs and SIBs

Figure 3 shows a heat map of the relative abundance of iden-
tified OTUs (filtered by 0.25% counts of whole OTUs) and
estimated species names of typical OTUs defined by BLAST
analysis of de novo sequences. The dominant OTU taxon-
omies were Allobaculum stercoricanis- (similarity = 92%),
Faecalibaculum rodentium- (100%), and/or Bifidobacterium

Genera
r Tukey*
NF EB CO MN AFA
Enterobacteriaceae;g b b a b b
- m Allobaculum
M Lachnospiraceae;g
M Clostridiaceae;g a bbb a
H Clostridiales;f_;g
r I Turicibacter ab b ab ' a ab
Lactobacillus
Prevotella b ab/a a b
Bacteroidales;f_S24-7;8 ¢ pbcbe b a
M Rikenellaceae;g c bc b bc a
M Bacteroides b abbb
Coriobacteriaceae;g
b ab b

30% M,
20%
10% M.
0%

| I M Bifidobacterium A A
I I Other
1 1 1 1 J

NF EB CO MN AFA

Fig. 2 Composition of the caecal microbiome at the phylum and genus
levels in mice fed high-sucrose diets containing either no fibre (NF), 5%
(w/w) Eisenia bicyclis (EB), 5% Chondrus ocellatus (CO), 5%

NF EB CO MN AFA

Monostroma nitidum (MN), or 5% Aphanizomenon flos-aquae (AFA).
* Values are mean of six mice. *° Values with different letters are signif-
icantly different with p < 0.05
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No Fibre
Taxonomy N1 N2 N3

P Enterobacteriaceae; g; s|g
Desulfovibrionaceae; g;

Eisenia bicyclis
El E2 E3 E4

032

Allobaculum ;_s &
Allobaculum ;
Allobaculum ;
Coprobacillus ;
Erysipelotrichaceae; g;
Clostridiaceae; g;
Clostridiales; f; g;
F B Clostridiales; f; g;
Clostridiales; f; g;
Ruminococcus gnavus &
Ruminococcaceae; g;
Turicibacter ;
Lactobacillus reuteri
Lactobacillus ; s
Lactobacillus ; sIB
Prevotella;
Bacteroidales; f S24-7;
Bacteroidales; f $24-7;
Bacteroidales; f $24-7;
Bacteroidales; f $24-7;
Bacteroidales; f $24-7;
Bacteroidales; f $24-7;
B - Bacteroidales; f $24-7;

Coriobacteriaceae
A Coriobacteriaceae;
Bifidobacterium (i

Fig. 3 Heat map showing the relative abundance of identified OTUs
filtered by 0.25% counts of whole OTUs of the caecal microbiome in
mice fed with high-sucrose diet containing either no fibre (NF), 5% (w/w)
Eisenia bicyclis (EB), 5% Chondrus ocellatus (CO), 5% Monostroma

pseudolongum-like (100%) bacteria. Most Clostridiaceae g.
decreased with the intake of the three marine algae (Fig. 2), as
estimated by Clostridium disporicum-like (99%) bacteria.

Compared with the NF group, abundances of two
Bacteroides OTUs, B. acidifaciens- (100%) and B. intestinalis-
like (100%) bacteria, were high in the EB group. Each OTU of
Coriobacteriaceae, which was defined as B. pseudolongum-
(92%), Longibaculum muris- (97%), and Coprobacillus sp.-like
(100%) bacteria, was also highly abundant in the EB group.

In the mice fed CO, the two Bacteroides B. vulgatus-
(100%) and Escherichia coli-like (100%) bacteria were typi-
cally abundant OTUs. The abundances of B. acidifacience/
rodentium- (100%), Prevotellaceae- (93%), and Alistipes
finegoldii-like (96%) bacteria were also high. On the other
hand, the abundances of B. pseudolongum- and
Lactobacillus johnsonii-like (100%) bacteria were low. With
MN feeding, F. rodentium-like bacteria became more abun-
dant. Three Bacteroidales, f S24-7 g, s OTUs defined as
Muribaculum sp.-like (92-95%) bacteria were also highly
abundant in the MN group. On the other hand, the abundance
of L. johnsonii was low in this group. In mice fed with AFA,
the abundances of two OTUs, Muribaculum sp.- (90, 93%)
and Alistipes inops-like (100%) bacteria, were high. However,
B. pseudomonas abundance was low in this group.
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Chondrus ocellatus nitidum
Cl1 @2 3 4 C5 C6

Monostroma Aphanizomenon
flos-aquae Definition by BLAST
Al A2 A3 A4 A5 A6 (Similarity %)
@ 0 0 Escherichia coli (100)
72 Desulfovibrionaceae (91)

M1 M2 M3 M4 M5

Allobaculum stercoricanis (92)
Faecalibaculum rodentium (100)

Longibaculum muris (97)
Coprobacillus sp (100)
Clostridium disporicum (99)
Clostridiales bacterium (96)
Clostridium scindens (96)

Clostridium scindens (98)
Ruminococcaceae (89)
Turicibacter sanquinis (98)

Lactobacillus johnsonii (100)

Prevotellaceae (93)
Muribaculum sp. (90)
Muribaculum sp. (92)
Muribaculum intestinale (93)
Muribaculum sp. (100)
Muribaculum sp. (91)
Muribaculum intestinale (94)
Muribaculum sp. (95)
Alistipes fineqoldii (96)
Alistipes inops (100)
Bacteroides acidifaciens (100)
Bacteroides intestinalis (100)
Bacteroides vulgatus (100)

B. acidifaciens/rodentium (100)

Bifidobacterium pseudolongum (92)

Bifidobacterium pseudolongum (100)

Relative abundance
Low I High

nitidum (MN), or 5% Aphanizomenon flos-aquae (AFA). P:
Proteobacteria, F: Firmicutes, B: Bacteroidetes, A: Actinobacteria. *,
Values with different letters are significantly different with p <0.05

Isolation and identification of SIB

The counts of each colony type on BL agar plates are shown in
Table 4. The agar plate showed six typical colony morphol-
ogies. Among them, three (Algae-1, Algae-3, Algae-7) were
defined as B. pseudolongum using 16S rDNA-BLAST search.
Algae-1 was high in mice fed EB, and as shown in Fig. 3,
B. pseudolongum Algae-1 can be considered as one of the EB-
SIBs. However, B. acidifaciens and B. intestinalis, which
were also considered EB-SIBs, could not be isolated.
Cloudy white colonies of one typical morphology were divid-
ed into two groups using Gram staining. The Gram-negative
(Algae-4) and Gram-positive (Algae-5) were identified as
B. vulgatus and F. rodentium, respectively. These strains can
be considered CO-SIB and MN-SIB. Muribaculum, identified
as an AFA-SIB, shown in Fig. 3, could not be isolated in this
experiment. Viable counts of L. johnsonii (Algae-2) were low
in mice fed marine algae, as shown in Fig. 3.

Discussion

The present study aimed to clarify the presence of, and isolate,
algal-susceptible indigenous bacteria (SIB) in the gut. It is
well known that edible algae are rich in water-soluble poly-
saccharides, a form of dietary fibre. Among various polysac-
charides, brown algae have alginic acid (mannuronic and
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Table 4 Colony morphology and counts of dominant caecal bacteria in test mice on BL agar (Log CFU g ")

Accession
number

Definition by 16S rDNA/BLAST

Isolated Gram stain

strains

Aphanizomenon
flos-aquae

Monostroma
nitidum

Chondrus

ocellatus

Eisenia bicyclis

Control

Colony morphology

colour

Bifidobacterium pseudolongum LC440452

+

Algae-1

8.44+0.36 (4)
8.29+0.17 (6)
839+0.11 (6)
9.47+0.10 (6)

8.75+0.14 (6)

ND

ND

7.62+0.103)  9.64+0.15 (6)
827+0.25(5) ND

9.4140.05 (6)
9.37+0.06 (6)

‘White-white circle

LC440453

Lactobacillus johnsonii

+

Algae-2

ND

Green outline

Bifidobacterium pseudolongum LC440454

+

Algae-3

8.43+0.12 (6)
9.18+0.06 (6)

7.96+1.80 (4)

9.63+0.09 (6)

9.21+0.17 (6)

White-orange circle

LC440455

Bacteroides vulgatus

Algae-4*

10.48 +0.07 (6)

Cloudy white

LC440456

Faecalibaculum rodentium

+

Algae-5*

LC440457

Lactobacillus murinus

+

Algae-6

7.62+0.15 (5)

7.62+0.10 (3)

ND

ND

771 +1.12 4)

Jagged edge

white-green circle
Whitish yellow

Total

Bifidobacterium pseudolongum LC440458

+

Algae-7

8.7240.09 (3)
9.64+0.08

ND

8.70+0.13 (6)
9.71+0.07

ND

ND

9.41+0.08

10.59+0.05

9.72+0.05

Values represent mean + SEM. () Detected ratio among six mice. *Algae-4 and Algae-5 represent small and large colonies, respectively

guluronic acid polymer), fucoidan (mainly sulphated fucan),
and laminaran (mainly (3-1,3-glucan), and E. bicyclis is rich in
alginic acid and laminaran (Kuda et al. 1998). Red algae have
various water-soluble polysaccharides and C. ocellatus con-
tains high levels of carrageenans (Van de Verde 2008). Typical
sulphated polysaccharides in the green alga M. nitidum have
been reported (Mao et al. 2008). Various amelioration capac-
ities of marine algal dietary fibres, polyphenols and lipids,
have been reported in model animals for lifestyle-related dis-
eases (Wells et al. 2017). In this experiment, some samples did
not cause significant differences in body and fat tissue weights
and blood lipid levels (Table 2) because of the short feeding
period. However, it has been revealed that the gut microbiome
fluctuates quickly within a few days of a diet change (David
etal. 2014).

It has been reported that gut microbiome «-diversity is
correlated with vegetable (dietary fibre) intake, and may be
responsible for some of the microbiome’s health benefits
(Deehan and Walter 2016). However, there was no significant
difference in the Shannon H' index (Table 3), even though
differences in the microbiota were shown in beta diversity
analysis (Fig. 1). Alpha diversity is lowered with ingestion
of some fermentable dietary fibres such as laminaran, oligo-
saccharides such as soybean oligosaccharides, prebiotics, and
selected lactic acid bacteria (Nakata et al. 2016; Nakata et al.
2017).

The positive correlation between the Firmicutes/Bacteroidetes
(F/B) ratio and obesity and/or diabetes has been reported several
times (Tilg and Kaser 2011; Houghton et al. 2018). The F/B ratio
was low in mice fed EB, as shown in Fig. 2. Alginic acid and
laminaran, which are brown algal polysaccharides, can be de-
graded and fermented by several species of human intestinal
Bacteroides, such as B. ovatus, B. thetaiotaomicron, and
B. distasonis (Salyers et al. 1977; Fujii et al. 1992). In the case
of laboratory rats, degrading bacteria in the gut increased signif-
icantly following polysaccharide feeding (An et al. 2013a). The
fermentation of alginate and laminaran in the gut produces short
chain fatty acids that may ameliorate the intestinal environment
and lipid metabolism, and inhibit generation of some putative
carcinogen-related compounds, such as ammonia, H,S, and phe-
nol (Kuda et al. 2005; An et al. 2013b).

Although Bifidobacterium, the abundance of which was
low in the CO and AFA groups, is regarded as beneficial, it
is highly present in mice fed a high-calorie and low—dietary
fibre diet (Kuda et al. 2017). The abundance of Proteobacteria
Enterobacteriaceae, which was highly abundant only in the
CO group, was shown to increase during gut inflammation
(Shibayama et al. 2018).

The predominant OTUs in the NF group, estimated as
A. stercoricanis-, F. rodentium-, B. pseudolongum-, and
C. disporicum-like bacteria (Fig. 3), have been reported as
dominant bacteria in the gut of mammals, including human
and laboratory rodents (Sasajima et al. 2010; Lim et al. 2016;
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Shikano et al. 2019). B. acidifaciens, one of the estimated
bacterial species that increased in the EB group (EB-SIB),
reportedly has a preventative effect on obesity in mice (Yang
etal. 2017). B. intestinalis abundance is increased by ingestion
of several water-soluble dietary fibres similar to B. ovatus and
B. thetaiotaomicron (Chung et al. 2016). B. pseudolongum
combined with oligosaccharides ameliorated gut inflamma-
tion (Sasajima et al. 2010). These EB-SIBs may be affected
by the fermentable water-soluble polysaccharides alginic acid
and laminaran, and an immune modulable polysaccharide,
fucoidan, present in E. bicyclis (Kuda et al. 1998).

Among the CO-SIB-estimated species, B. vulgatus and
E. coli are in general gut indigenous bacteria that may act as
symbionts in a healthy host, though their abundance increases
with intestinal inflammation (Salyers et al. 1977; Chung et al.
2016; Shibayama et al. 2018). It has been reported that
Bifidobacterium and L. johnsonii were dominant in ICR mice
fed AIN-76 without cellulose (same as the NF diet in this
study) and normal chow diet, respectively, and thus, these
are regarded as beneficial symbionts (Kuda et al. 2017,
Yokota et al. 2018b). F. rodentium, a MN-SIB-estimated spe-
cies, is detected as a lactic acid—producing bacteria in the
faeces of laboratory mice (Chang et al. 2015). Upregulation
of Faecalibaculum in calorie-restricted mice has been report-
ed (Wang et al. 2018).

Among the AFA-SIB-estimated species, Muribaculum is
predominant in the gut of mammals, including human and
laboratory mice, and it is considered the dominant host-
affecting species; however, this hypothesis has not yet been
validated (Lagkouvardos et al. 2019). Some gut Alistipes
OTUs in diet-induced obese mice are lowered with consump-
tion of probiotics and prebiotics demonstrating improvement
of metabolic disturbances (Ke et al. 2019). As mentioned
above, Bifidobacterium is abundant in mice fed a high-
calorie and low—dietary fibre diet (Kuda et al. 2017).

Antibacterial activity of algal phytochemicals, such as
phlorotannins in brown algae and sulphated polysaccha-
rides, has been reported particularly against Gram-
positive bacteria (Kuda et al. 2007; Berri et al. 2016).
These algal phytochemicals might suppress Gram-
positive bacteria, such as C. disporicum in mice fed EB,
B. pseudomonas in mice fed CO, and AFA and L. johnsonii
in mice fed CO and MN.

BL agar, containing 5% horse blood, under anaerobic con-
ditions, can maintain the growth of various anaerobes, such as
Bacteroides, Clostridium, Eubacterium, Fusobacterium,
Veillonella, Peptostreptococcus, and Bifidobacterium
(Mitsuoka 2014). In the present study, the caecal content
was prepared and plated on BL agar plates to isolate the
SIBs under not strictly anaerobic conditions, although the
AnaeroPack system was used. As shown in Table 4, although
several algal SIBs could be detected in the present study, the
abundances of strict obligate anaerobes, including dominants
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shown in Fig. 3, such as Bacteroides sp. Allobaculum sp.,
Muribaculum sp., and Turicibacter sp., might have been dras-
tically decreased. In future studies, B. acidifaciens,
B. intestinalis, and Muribaculum, estimated as EB-, MN-,
and AFA-SIBs, respectively, should be isolated.

Significant differences were demonstrated in the gut
microbiome among ICR mice fed NF-, EB-, CO-, MN-, or
AFA-containing diets for 14 days in the present study. Typical
EB-SIBs (B. acidifaciens-, B. intestinalis-, and
B. pseudolongum-like), CO-SIBs (B. vulgates- and E. coli-
like), MN-SIBs (£ rodentium- and Muribaculum sp.-like),
and AFA-SIBs (Muribaculum sp.) were detected by the 16S
rDNA amplicon sequencing. These SIBs may affect host
health depending on the food material ingested. From the
SIBs, B. pseudolongum, B. vulgatus, and F. rodentium could
be isolated and identified employing BL agar and the 16S
rDNA BLAST search. Some parts of the algal SIBs have
beneficial synergistic effects when the host consumes edible
algae. In the future, new probiotics may be created from hu-
man algal SIBs detected and isolated with the in vitro faecal
culture method (Charoensiddhi et al. 2017).

Functional properties, such as immunomodulation, intesti-
nal epithelial cell protection activity, inhibitory activity on
invasion of pathogens, and bile acid lowering (Hirano et al.
2017; Shibayama et al. 2018; Yokota et al. 2018a), of these
isolated SIBs in vitro are currently being studied. The in vivo
functional study and isolation of SIBs from human faeces is
needed for future studies.

Conclusion

Significant differences in the gut microbiome were dem-
onstrated among ICR mice fed NF-, EB-, CO-, MN-, or
AFA-containing diets for 14 days. Typical EB-SIBs
(B. acidifaciens-, B. intestinalis-, and B. pseudolongum-like),
CO-SIBs (B. vulgates- and E. coli-like), MN-SIBs
(F. rodentium- and Muribaculum sp.-like), and AFA-SIBs
(Muribaculum sp.) were detected by the 16S rDNA amplicon
sequencing. These SIBs may affect host health depending on
the food material consumed. From the SIBs, B. pseudolongum,
B. vulgatus, and F. rodentium could be isolated and identified
employing BL agar and the 16S rDNA BLAST search. Other
SIBs are expected to be isolated in future studies.
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