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Abstract
Aphanizomenon flos-aquae, a freshwater cyanobacterium harvested from Upper Klamath Lake, Oregon, USA, is employed as a
functional food material. Aphanizomenon flos-aquae can be fermented with Lactobacillus plantarum and Lactococcus lactis
subsp. lactis. Here, to determine the dietary effects of A. flos-aquae (AFA) and fermented A. flos-aquae (F-AFA) on the mouse
gut microbiome, high-sucrose diet containing no dietary fibre (NF), 5% AFA or 5% F-AFA was administered to ICR mice for
14 days. Compared with those in mice fed the NF, lower body weight gains and epididymal fat pad tissue weights were observed
in mice fed the diet containing F-AFA. After feeding, the caecal microbiome was analysed by 16S rRNA (V4) gene amplicon
sequencing using the Illumina MiSeq system. Sequences were clustered into operational taxonomic units, with a 97% identity
cutoff, using the QIIME2 workflow script and SILVA database. The caecal microbiome alpha diversity was high in mice fed the
F-AFA diet. The abundances of Muribaculum- and Alistipes inops-like bacteria belonging to the phylum Bacteroidetes and
Ruminococcaceae UCG-014-like bacteria belonging to phylum Firmicutes were higher in the F-AFA group than in the AFA
group. Isolation of typical F-AFA-susceptible gut indigenous bacteria and functional studies of the isolates in the presence of F-
AFA are warranted to validate the current findings.
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Introduction

Aphanizomenon flos-aquae (AFA) is a freshwater bloom-
forming cyanobacterium that poses a threat to the marine en-
vironment and fishery industries worldwide (Cirés and Ballot
2016) due to its production of toxic compounds, such as par-
alytic shellfish toxins and respiratory toxic aphantoxins
(Pereira et al. 2000; Zhang et al. 2016). However, ingestion
of A. flos-aquae harvested from Upper Klamath Lake,
Oregon, USA, and which is free of toxins (Carmichael et al.
2000) has demonstrated effects, such as human monocyte ac-
tivation, antioxidant properties and hypolipidemia (Kushak
et al. 2000; Pugh and Pasco 2001; Benedetti et al. 2004).

In vitro growth-promoting (prebiotic) activities of A. flos-
aquae and its water extract were reported for Lactobacillus

acidophilus (Campana et al. 2017). However, a Lactobacillus-
promoting activity of AFA was not found in the colon of
inbred C57BL/6J mice fed normal chow and the caecum of
closed colony Institute of Cancer Research (ICR) mice
fed a high-sucrose and low-dietary fibre diet (Rasmussen et al.
2006; Takei et al. 2019). In the case of ICR mice, the abun-
dance of Muribaculum sp.- and Alistipes inops-like bac-
teria belonging to the phylum Bacteroidetes was in-
creased, while that of Bifidobacterium pseudolongum-
like bacteria was decreased after supplementation with
AFA.

Humans and laboratory animals generally have hundreds to
> 1000 species of bacteria at 11 to 12 log cells g−1 in their gut;
the metabolic activities of the gut microbiome and host are
known to affect each other significantly (Frazier and Chang
2020). An increase in the abundance of Muribaculum and
Alistipes through dietary fibre intake has been reported
(Chang et al. 2017; Wang et al. 2020). Although
B. pseudolongum is regarded as a beneficial commensal bac-
terium in the murine gut and some other mammal commensal
bacteria have beneficial properties for the host, such as hypo-
lipidemic and gut protection activities (Mangin et al. 2018; Bo
et al. 2020), B. pseudolongum is highly abundant in ICR mice
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fed a diet without insoluble dietary fibre (cellulose) (Kuda
et al. 2017; Takei et al. 2019).

In our previous study in vitro antioxidant (O2
− radical scav-

enging), anti-glycation (bovine serum albumen-fructose
(BSA-Fru) model) and immune modulation activities of
AFA were increased by fermentation with Lactobacillus
plantarum and Lactococcus lactis subsp. lactis (Taniguchi
et al. 2019). Fermented AFA (F-AFA) with such induced
activities was separated into < 3 kDa and 30–100 kDa frac-
tions. The active compounds were hypothesised to be lactate,
oligopeptides and polypeptides. Based on these properties
found in vitro, the effects of dietary supplementation with
AFA and F-AFA on the gut microbiome and diet-related life-
style diseasesmay differ. However, an in vivo study of F-AFA
has not been conducted. Recently, researchers reported
that the gut bacterial balance is rapidly altered by
changes in the dietary composition before the appear-
ance of lifestyle disease markers and/or symptoms
(David et al. 2014; Williams et al. 2019).

In the present study, to determine the dietary effects of
AFA and F-AFA on the gut microbiome, a high-sucrose diet
containing no dietary fibre (NF), 5% AFA or 5% F-AFA was
administered to ICR mice for 14 days, after which the caecal
microbiome was analysed by 16S rRNA (V4) gene amplicon
sequencing.

Materials and methods

Preparation of F-AFA

Lactobacillus plantarum AN7 (GenBank accession number:
LC384876) isolated from a fermented fish product made in
the Noto Peninsula, Ishikawa, Japan, and Lactococcus
lactis subsp. lactis Oga-SU2 (LC208001) isolated from
beach sand in the Oga Peninsula, Akita, Japan, were
used as starter strains. The strains were precultured in
5 mL of de Man, Rogosa, Sharpe (MRS) broth (Oxoid,
UK) at 37 °C for 24 h.

Freeze-dried powdered product of Aphanizomenon flos-
aquae (AFA) harvested from Upper Klamath Lake was ob-
tained from Dr’s Choice Co. (Tokyo, Japan). Aphanizomenon
flos-aquae powder (100 g) was added to 900 mL of distilled
water (DW), adjusted pH 7.0 with NaOH and autoclaved at
121 °C for 15 min. The precultured starter (5 mL) were inoc-
ulated into half (500 mL) of the suspended AFA and incubat-
ed at 37 °C for 7 days to produce F-AFA. The AFA and F-
AFA suspensions were dried at 70 °C for 24 h for use in the
animal experiments.

Lactic acid generation was confirmed using high-
performance liquid chromatography (HPLC): column, ICSep
ICE-ORH-801 (Tokyo Chemical Industry Co., Ltd., Japan);
operating temperature, 35 °C; eluent, 0.005 mol L−1 of

sulphuric acid (H2SO4); flow rate, 0.8 mL min−1. Eluted com-
pounds were detected using a refractive index (RI) detector.
Saccharides and organic acids in AFA and F-AFA were mea-
sured as previously reported (Shikano et al. 2019). Fourier-
transform infrared (FT-IR) spectra of AFA and F-AFA were
determined using an IR-attenuated total reflection (ATR) dia-
mond attached Thermo Nicolet iS5 FT-IR spectrometer
(Thermo Electron Corp., USA) and compared with those of
cellulose and ethanol-washed cells of the starter strains (Kuda
et al. 2013).

Animal care

Animal experiments were performed in accordance with
the Fundamental Guidelines for Proper Conduct of
Animal Experiments and Related Activi t ies in
Academic Research Institutions, under the jurisdiction
of the Ministry of Education, Culture, Sports, Science
and Technology, Japan. The study protocol was ap-
proved by the Animal Experiment Committee of the
Tokyo University of Marine Science and Technology
(Approval No. H31-5).

Eighteen 5-week-old male ICR mice purchased from
Tokyo Laboratory Animal Science (Tokyo, Japan) were
housed in metal wire cages (three mice per cage) at 22 ±
2 °C. The mice were acclimatised to the high-sucrose and
low-dietary fibre diet and provided DW for drinking ad
libitum. After 7 days, the mice were divided into three
(NF, AFA and F-AFA) groups (n = 6, in each group)
and fed a diet containing either no fibre (NF), 5%
(w/w) AFA or 5% F-AFA for 14 days (Table 1).
During the 8–10 feeding days, defecation frequency
and faecal weight were measured. At the experimental
endpoint, the mice were exsanguinated via the abdomi-
nal vein under anaesthesia with isoflurane (Fujifilm
Wako Pure Chemical, Japan), and their liver, kidneys,

Table 1 Composition of test diets (g (100 g)-1)

NF* 5% AFA 5% F-AFA

Aphanizomenon flos-aquae (AFA) 5.0

Fermented AFA 5.0

Milk casein 20 20 20

DL-Methionine 0.3 0.3 0.3

Corn starch 20 15 15

Sucrose 50 50 50

Corn oil 5.0 5.0 5.0

Vitamin mix (AIN-76) 1.0 1.0 1.0

Mineral mix (AIN-76) 3.5 3.5 3.5

Choline bitartrate 0.2 0.2 0.2

*NF, no fibre
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spleen and epididymal fat pads were removed and
weighed. After ligation with yarn, the caecum and colon
were excised and placed on ice until microbial analysis
was conducted.

Plasma triacylglyceride (TG), total cholesterol and glucose
(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) according to the manufacturer’s
instructions.

Bacterial cell count and isolation

The caecal contents were diluted with 99 volumes of
phosphate-buffered saline (PBS; Nissui Pharmaceuticals,
Japan), and the bacterial cells were counted by dielectrophoretic

Table 2 Body, organ and faecal
weights of mice fed a diet
containing a fibre (NF), 5%
Ahanizomenon flos-aquae (AFA)
or fermented AFA (F-AFA)

NF 5% AFA 5% F-AFA

Body weight (g)

Initial 36.4 ± 0.5 36.2 ± 0.4 36.3 ± 0.7

After 14 days 45.1 ± 1.1 42.8 ± 1.2 42.2 ± 1.3

Gain 8.7 ± 0.8 6.6 ± 0.9 5.9 ± 0.7*

Faeces

Frequency (n day−1 mouse−1) 26 ± 2 29 ± 1 31 ± 1*

Weight (g day−1 mouse−1) 0.266 ± 0.030b 0.406 ± 0.023a* 0.358 ± 0.020ab*

Caecal content (g) 0.163 ± 0.009b 0.289 ± 0.039a* 0.234 ± 0.017ab

Colon length (cm) 7.8 ± 0.31b 9.83 ± 0.29a* 8.68 ± 0.17ab*

Organ weights (g)

Liver 2.801 ± 0.201 2.560 ± 0.120 2.592 ± 0.202

Kidneys 0.559 ± 0.020 0.627 ± 0.022* 0.570 ± 0.025

Spleen 0.094 ± 0.009 0.093 ± 0.003 0.099 ± 0.008

Epididymal fat pads 2.441 ± 0.089a 2.252 ± 0.137ab 1.961 ± 0.150b*

Caecum 0.078 ± 0.005b 0.124 ± 0.014a* 0.112 ± 0.009ab*

Plasma lipid (mg (100 mL)−1)

Triacylglyceride 149 ± 13 153 ± 23 119 ± 12

Total cholesterol 150 ± 5 138 ± 11 151 ± 4

Glucose 363 ± 33 305 ± 15 301 ± 28

Values are mean and SEM (n = 6)
a-c There is no significant differences between the same letter (analysed by Tukey’s test)

*Significant difference from the NF group analysed by Dunnett’s test (p < 0.05)
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Fig. 1 HPLC chromatogram of
10% suspensions of
Aphanizomenon flos-aquae
(AFA) and fermented AFA
(F-AFA) (a) and ATR-FT-IR
spectra of dried AFA, F-AFA,
cellulose, Lactobacillus
plantarum AN7 cells and
Lactococcus lactis subsp.
lactis Oga-SU2 (b)
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impedance measurement (DEPIM) (Hirota et al. 2014) using a
bacteria counter (PHC Ltd., Japan).

A slight modification of the culture-dependent method de-
scribed by Mitsuoka (2014) was used for viable cell counting.
The caecal content was serially diluted with “dilution A”
(KH2PO4, 4.5 g; Na2HPO4, 6 g; L-cysteine·HCl·H2O, 0.5 g;
Tween 80, 0.5 g; agar, 0.75 g L−1). Aliquots of the diluted
sample (0.03 mL) were plated separately on blood liver (BL)
and Gifu Anaerobic Medium (GAM) agar (Nissui
Pharmaceuticals Co., Ltd., Japan) plates containing 5% (v/v)
defibrinated horse blood (Nippon Bio-Supply Center, Japan)
and incubated at 37 °C for 48 h under anaerobic conditions
using an AnaeroPack (Mitsubishi Gas Chemical, Japan).
Detected colonies with typical morphologies were enumerat-
ed. Typical colonies were then isolated and further purified
using the agar plates and conditions described above. The 16S
rRNA genes of the isolates were amplified using polymerase
chain reaction (PCR) primers 27F and 1492R, and amplicon
sequencing was conducted by Macrogen Japan, Corp.
(Kyoto, Japan). A homology search of the DNA Data
Bank of Japan was performed using BLASTn (http://
ddbj.nig.ac.jp/blast/blastn).

Analysis of the caecal microbiota using the MiSeq
system

16S rDNA (V4) amplicon sequencing was conducted by
Fasmac Co., Ltd. (Atsugi, Japan). DNA was extracted from
the samples using the Mpure bacterial DNA extraction kit
(MP Bio Japan, Japan). A DNA library was prepared using
a two-step PCR (Sinclair et al. 2015). Then, the V4 region was
amplified using a 23-cycle PCR with the following primers:
forward, 515f 5′-ACACTCTTTCCCTACACGACGCTCTT
CCGATCT-GTGCCAGCMGCCGCGGTAA-3′ and reverse,
806r 5 ′-GTGACTGGAGTTCAGACGTGTGCTCT
TCCGATCT-GGACTACHVGGGTWTCTAAT-3′. Next,
individual DNA fragments were tagged in an eight-cycle
PCR with the following primers: forward, 5′-AATG
ATACGGCGACCACCGAGATCTACAC-[sequence for in-
dividual mouse]-ACACTCTTTCCCTACACCGACGC-3′
and reverse, 5 ′ -CAAGCAGAAGACGGCATACG
AGAT-[sequence for individual mouse]-CTGACTGG
AGTTCAGACGTGTG-3′. DNA libraries were multiplexed
and loaded onto an Illumina MiSeq system (Illumina, San
Diego, CA, USA). Readings with a mismatched sequence at
the start region were filtered using the FASTX Toolkit (http://
hannonlab.cshl.edu/fastx_toolkit/); poor quality reads (below
20) and those shorter than 40 base pairs were omitted using
Sickle (https://github.com/ucdavis-bioinformatics/sickle).
Shortlisted reads were merged using the pair-end merge script
FLASH (http://ccb.jhu.edu/software/FLASH/), and 240–260
base reads were selected. Chimeras in the selected reads were
identified and omitted using the QIIME2 bioinformaticsTa
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pipeline (https://qiime2.org/). Sequences were clustered into
operational taxonomic units (OTUs), with a 97% identity
cutoff, using the QIIME2 workflow script and SILVA
database (https://www.arb-silva.de/).

The alpha diversity (diversity within a microbiome) of the
mouse gut microbiome was determined using the
Shannon-Wiener (H′) and Simpson’s diversity (D) indi-
ces (Kim et al. 2017). Beta diversity (distance between
groups based on differences in the OTUs present in
each group) was assessed using unweighted and weight-
ed UniFrac (Lozupone and Knight 2005) and expressed
using principal coordinate analysis (PCoA) (Bunyavanich
et al. 2016).

Statistical analysis

The 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 and
Dunnett’s post hoc tests, using a statistical software package
(Excel Statistic Ver. 6, Japan). p < 0.05 was considered statis-
tically significant.

Results

HPLC chromatogram and FT-IR spectra of AFA
and F-AFA

The AFA suspension was fermented with L. plantarum AN7
and L. lactis subsp. lactis Oga-SU2 for 7 days, during which
the pH decreased from approximately 6.3 to 5.2, and glucose
and other saccharides were mainly converted to lactic acid
(Fig. 1a). Lactate, already present in AFA, increased from
39 to 100 mg g−1 during fermentation. The saccharide and
organic acid results concurred with those reported in a previ-
ous study (Taniguchi et al. 2019). A small quantity of acetate
was also detected in F-AFA. The major peaks in the FT-IR
spectra (Fig. 1b) were defined according to previous reports

(Al-Qadiri et al. 2008). The carbohydrate absorbance (1200–
1000 cm−1) of F-AFA was lower than that of AFA. The ab-
sorbance of F-AFA at 3000–2800 cm−1 (CH2, CH3), although
not large, was higher than that of AFA, which might be due to
the produced lactate.

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

No abnormalities or adverse symptoms were observed in the
mice fed NF, AFA, or F-AFA diets. Body weight gains were
32% lower in the F-AFA group and also tended to be lower in
the AFA group than in the NF group (Table 2). On the other
hand, faecal and caecal content weights and colon
lengths were higher in mice fed AFA than in those
fed F-AFA. A blue-green colour appeared in the faeces
of mice fed AFA and F-AFA. The epididymal fat pad
weights were 20% lower in the F-AFA group. The kid-
ney weights were slightly higher in mice fed AFA.
Though not significant, plasma TG levels tended to be
lower in mice fed F-AFA rather than AFA. Plasma Glu
levels tended to be lower in both the AFA and F-AFA groups
than in the NF group.

Caecal viable and direct cell counts

Three dominant typical colonies appeared on the BL agar
plates (Table 3). Among them, colonies two and one were
identified as Lactobacillus murinus and Lactobacillus
johnsonii, respectively. The total colony count in the NF
group was 8.5 log CFU g−1 and was lower in the AFA and
F-AFA groups. Two dominant typical colonies were observed
on the GAM blood agar plates and were identified as
Bifidobacterium pseudolongum and Bacteroides intestinalis.
These colony counts were also lower in the F-AFA group than
in the NF and AFA groups. On the contrary, the direct total
bacterial cell count in the caeca of tested mice was approxi-
mately 11 log cell g−1 and did not differ between diets
(Table 4).

Table 4 Caecal direct bacterial
count and read numbers of mice
fed a diet containing no fibre
(NF), 5% Ahanizomenon
flos-aquae (AFA) or fermented
AFA (F-AFA)

NF 5% AFA 5% F-AFA

Direct bacterial count (log cells g−1) 10.82 ± 0.33 10.85 ± 0.11 10.85 ± 0.33

16S rRNA gene amplicon sequencing

Read number 44,650 ± 2500 51,279 ± 1762 52,080 ± 2555*

OTU number 122 ± 6b 195 ± 14a* 194 ± 18a*

Shannon-Weaver H′ 2.744 ± 0.123 3.252 ± 0.182 3.385 ± 0.252*

Simpson’s D 0.863 ± 0.015 0.904 ± 0.015 0.914 ± 0.019*

Values are mean and SEM (n = 6)
a,b There is no significant differences between the same letter (analysed by Tukey’s test)

*Significant difference from the NF group analysed by Dunnett’s test (p < 0.05)
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Caecal microbiota analysis by 16S rDNA (V4) amplicon
sequencing

Alpha and beta diversity of the caecal microbiome

The total read number was found to be 45,000–52,000
base pairs upon 16S rDNA (V4) amplicon sequencing
and was higher in mice fed F-AFA (Table 4) than in
the mice fed NF. The number of OTUs (120–200) was
1.6 times higher in the AFA and F-AFA groups than in
the NF group. The F-AFA group had higher alpha di-
versity, represented by the Shannon-Weaver H′ and
Simpson’s D indices.

PCoA of the OTUs revealed that the gut microbiomes of
the AFA and F-AFA groups differed from that of the NF

group (Fig. 2) and that the gut microbiome clusters of the
AFA and F-AFA groups overlapped.

Phylum level

The caecal microbiome profiles at the phylum, family and
genus levels are expressed by relative abundance, as shown
in Fig. 3. The predominant phylum in mice fed NF was
Firmicutes (65%) followed by Bacteroidetes (12%),
Actinobacteria (19%) and Proteobacteria (2.5%) (Fig. 3a).
The abundance of Bacteroidetes tended to be higher in the
F-AFA group (23%) than in the NF group. Actinobacteria
abundance was lower in the AFA and F-AFA groups.
Verrucomicrobia was hardly detected in mice fed NF and
tended to be higher in mice fed F-AFA (1.8%). Although
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present at low levels (0.22%), the abundance of Tenericutes
was higher in the F-AFA group.

Family, genus and OTU levels

The dominant family in the phylum Firmicutes in the NF
group was Erysipelotrichaceae (44%), followed by
Lactobacillaceae (7.4%), Clostridiaceae 1 (5.9%) and
Lachnospiraceae (5.5%) (Fig. 2c). The abundance of
Erysipelotrichaceae tended to be lower in the AFA (36%)
and F-AFA (34%) groups . On the o the r hand ,
Ruminococcaceae and Lachnospiraceae abundance levels
tended to higher in mice fed AFA and F-AFA. In the phylum
Bacteroidetes in the NF group, families Bacteroidaceae
(5.6%) and Muribaculaceae (3.8%) were dominant.
Muribaculaceae abundance was 1.5 to 1.6 times higher in
the AFA (8.3%) and F-AFA (8.9%) groups. Rikenerellaceae
was hardly detected in the NF group and had an abundance of
3.8% in the F-AFA group. Bifidobacteriaceae was the pre-
dominant family of the phylum Actinobacteria, but the abun-
dance of Eggerthellaceae, also belonging to Actinobacteria,
was higher (0.9%) in mice fed F-AFA. Akkermansiaceae was
the main family of the phylum Verrucomicrobia.

In Erysipelotrichaceae, the predominant family of phylum
Firmicutes in the tested mice, genera Faecalibaculum (14–
20%), Allobaculum (13–19%) and Turicibacter (2.5–4.4%)
were dominant (Fig. 2d). In other families of the phylum
Firmicutes, Lactobacillus (7.4–11%), Clostridium
sensu_strict_1 (5.9–8.1%) and Lachnospiraceae g. were also
dominant. Ruminococcaceae UCG-014 abundance was
higher in mice fed F-AFA. Lachnoclostridium abundance
was higher in the AFA and F-AFA groups. Alistipes was the
predominant genus of the family Rikenellaceae in the F-AFA
group.

Table 5 shows the read numbers of the 50 dominant OTUs.
Several OTUs defined asMuribaculum intestinale (93–94%)-
andMuribaculum sp. (99–100%)-like bacteria were higher in
mice fed AFA and F-AFA. Clostridium fusiformis (100%)-
and Parasutterella excrementihominis (94–100%)-like bacte-
ria, although with smaller read numbers, were also higher in
the AFA and F-AFA groups. Alistipes, dominant in the F-
AFA group, was defined as A. inops-like bacteria. OTUs of
Ruminococcaceae_UCG-014, Lactobacillus reuteri (100%)-
and Clostridium aldenense/indolis (98%)-like bacteria were
also higher in mice fed F-AFA.

Discussion

In the present study, to determine the dietary effects of AFA
and F-AFA on the mouse gut microbiome, a high-sucrose diet
containing no dietary fibre (NF), 5% AFA or 5% F-AFA was
administered to ICR mice for 14 days. The caecal

microbiomes were then analysed by 16S rRNA (V4) gene
amplicon sequencing. As shown in Tables 2 and 4, compared
with those in mice fed NF, body weight gain and epididymal
fat pad weights were lower in mice fed F-AFA than in mice
fed AFA, with higher alpha diversity of the caecal
microbiome. The alpha diversity of the gut microbiome is
positively correlated with dietary fibre intake and is responsi-
ble for its health functions (Payling et al. 2020); however,
contrasting effects of probiotics on microbiome diversity have
been reported (Preidis et al. 2013; Nagpal et al. 2018).

Although the hypolipidemic activity of AFAwas previous-
ly reported (Kushak et al. 2000), the hypolipidemic and anti-
obesity effects of F-AFA might be greater than those of AFA.
In our previous study, the anti-glycation activity of F-AFA in
the BSA-Fru model was higher than that of AFA (Taniguchi
et al. 2019). L. plantarumAN7 has demonstrated in vitro cho-
lesterol and bile acid lowering capabilities (Kuda et al. 2013;
Kuda et al. 2016). These properties of fermented products and
starter cells might be correlated with the anti-obesity effects of
F-AFA.

There are many reports regarding the positive correlation
between the gut Firmicutes to Bacteroidetes ratio (F/B) and
diet-related lifestyle diseases, such as obesity and type 2 dia-
betes (Koliada et al. 2017; Zhao et al. 2019). In the present
study, the F/B ratio was not significantly affected by diet,
although it tended to be lower in mice fed AFA and F-AFA
(Fig. 3b) than in mice fed NF. AFA was hypothesised to have
a greater insoluble dietary fibre effect than F-AFA due to the
colour and weight of faeces and colon length (Table 2).
Cyanobacteria, such as AFA, have similar peptidoglycans
and lipopolysaccharides to those of Gram-negative bacteria
(Sharma et al. 2011), which may cause different effects from
those induced by cellulose from general plant dietary fibre.

An increase inMuribaculum sp. was observed upon dietary
supplementation with AFA and F-AFA (Table 5).
Muribaculaceae (formerly, S24-7 family) is a dominant gut
microbe in laboratory mice and has also been isolated from
humans (Lagkouvardos et al. 2019). The abundance of
Muribaculum in the mouse gut is reportedly lower when mice
consume a high-fat diet and is increased by the intake of long-
chain inulin and type 2-resistant starch, in addition to suppres-
sion of obesity and inflammation (Barouei et al. 2017;
Hussain et al. 2019; Li et al. 2020). Gamma-aminobutyric
acid-producing lactobacilli were also shown to increase gut
Muribaculum abundance and reduce glycaemia (Ni et al.
2019; Patterson et al. 2019).

Alistipes sp. and Ruminococcaceae UCG-014 were in-
creased by F-AFA (Table 5). Increasing the abundance of
Alistipes sp. with insoluble dietary fibre intake was associated
with the amelioration of obesity and type 2 diabetes (Lu et al.
2016; Chang et al. 2017). A. inops has been isolated from
human faeces, and its major end products from saccharides
are succinate and acetate (Shkoporov et al. 2015). Succinate is
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converted to propionate by other gut microbes (Reichardt
et al. 2014). The family Ruminococcaceae, including the
UCG-014 group, is regarded as a butyrate producer and

exhibits a negative correlation with overweight and obesity
(Gao et al. 2018); indeed, it was highly abundant in obesity
model mice fed a high-fat diet (Zhang et al. 2019).

Table 5 Caecal bacterial OTU read numbers of mice fed a diet containing no fibre (NF), 5% Ahanizomenon flos-aquae (AFA) or
fermented AFA (F-AFA)

Taxonomy NF AFA F-AFA Defined by BLASTn (similarity %)

Verrucomicrobia Akkermansia 35 ± 34 31 ± 17 1029 ± 605
Proteobacteria Parasutterella 0 ± 0 292 ± 144* 134 ± 48 Parasutterella excrementihominis (100)

Parasutterella 32 ± 32b 140 ± 39ab 186 ± 41a* Parasutterella excrementihominis (94)
Desulfovibrio 37 ± 22 156 ± 64 115 ± 58
Desulfovibrionaceae 1004 ± 317a 227 ± 74b* 141 ± 44b* Desulfovibrionaceae (91)

Firmicutes Turicibacter 1788 ± 500 1230 ± 234 3226 ± 1660
Turicibacter 128 ± 43 87 ± 20 226 ± 121
Faecalibaculum 9397 ± 2021 8164 ± 1419 6861 ± 2298
Erysipelatoclostridium 29 ± 22 8 ± 7 195 ± 107
Allobaculum_sp. 8055 ± 986 8652 ± 1193 6701 ± 1813
Ruminococcaceae _UCG-014 0 ± 0 52 ± 52 634 ± 353* Clostridiales (89)
Lachnospiraceae 224 ± 59 74 ± 58 351 ± 278
Lachnospiraceae 161 ± 58 162 ± 55 198 ± 116
Lachnospiraceae 38 ± 38 141 ± 54 313 ± 142* Clostridium aldenense/indolis (98)
Lachnospiraceae 62 ± 25 179 ± 53 161 ± 79
Lachnospiraceae 42 ± 10 110 ± 50 85 ± 35
Lachnoclostridium 35 ± 13b 364 ± 98ab* 382 ± 123a* Clostridium fusiformis (100)
Lachnoclostridium 7 ± 7b 324 ± 125a* 94 ± 55ab Lachnospiraceae (100)
Lachnospiraceae; A2 176 ± 64 230 ± 86 46 ± 23
Lachnospiraceae; A2 167 ± 54 126 ± 47 41 ± 26
[Eubacterium]_nodatum_group 13 ± 9b 225 ± 39a* 209 ± 36a* Ihubacter sp. (99)
Clostridium_sensu_stricto_1 1858 ± 841 2975 ± 610 2406 ± 594
Clostridium_sensu_stricto_2 633 ± 243 844 ± 180 688 ± 173
Clostridium_sensu_stricto_3 243 ± 122 389 ± 85 305 ± 70
Anaerotruncus 117 ± 13 83 ± 36 60 ± 9
Lactobacillus 2440 ± 351 4516 ± 1234 2611 ± 998
Lactobacillus 562 ± 68 975 ± 306 884 ± 327
Lactobacillus 97 ± 32 198 ± 106 566 ± 246* Lactobacillus reuteri (100)
Lactobacillus 39 ± 19 118 ± 64 291 ± 127* Lactobacillus reuteri (100)

Epsilonbacteraeota Helicobacter_sp._MIT_
075165

116 ± 61 129 ± 44 80 ± 27

Parabacteroides 698 ± 254 302 ± 88 698 ± 384
Bacteroidetes Alistipes 71 ± 38 932 ± 374 1537 ± 653* Alistipes inops (100)

Alistipes 70 ± 27 131 ± 31 128 ± 64
Alistipes 51 ± 25 103 ± 34 147 ± 85
Rikenellaceae_RC9_gut_group 59 ± 25 131 ± 54 158 ± 73
Alloprevotella 294 ± 74 372 ± 171 1480 ± 1108
Muribaculaceae 521 ± 170b 1525 ± 260ab* 1975 ± 361a* Muribaculum intestinale (94)
Muribaculaceae 280 ± 67b 1041 ± 117a* 1100 ± 193a* Muribaculum intestinale (94)
Muribaculaceae 263 ± 80 330 ± 90 317 ± 87
Muribaculaceae 115 ± 31b 303 ± 44ab* 345 ± 87a* Muribaculum intestinale (93)
Muribaculaceae 144 ± 31 230 ± 35 207 ± 23
Muribaculaceae 46 ± 16b 272 ± 84a* 198 ± 47ab Muribaculum sp. (100)
Muribaculaceae 39 ± 19b 153 ± 25a* 158 ± 37a* Muribaculum sp. (99)
Muribaculaceae 39 ± 12 93 ± 33 174 ± 74
Bacteroides 1230 ± 357 574 ± 182 1155 ± 527 Bacteroides vulgatus (100)
Bacteroides 573 ± 188 850 ± 188 977 ± 253
Bacteroides 498 ± 153 244 ± 74 443 ± 193
Bacteroides 23 ± 15 139 ± 47 180 ± 81

Actinobacteria Coriobacteriaceae_UCG-002 108 ± 51 37 ± 25 203 ± 106
Bifidobacterium 8602 ± 1009a 5741 ± 1168ab 3111 ± 974b* Bifidobacterium pseudolongum (100)

Values are mean and SEM (n = 6)
a,b There is no significant differences between the same letter (analysed by Tukey’s test)

*Significant difference from the NF group analysed by Dunnett’s test (p < 0.05)
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Furthermore, the RuminococcaceaeUCG-014 abundance was
much lower in ulcerative colitis model mice (Wang et al.
2018). There are many reports regarding gut propionate and
butyrate functions, such as those indicating that they suppress
blood cholesterol level and prevent colitis (Genda et al. 2018).

As mentioned above, although the typical dietary fibre ef-
fects were higher in the AFA group, such as increases in faecal
and caecal content weights, body weight and epididymal fat
tissue weight gains were lower in the F-AFA group.
Furthermore, the plasma TG and Glu levels tended to be lower
in mice fed F-AFA. These effects might be correlated with the
increase in the abundances of dominant gut microbes, such as
Muribaculum sp., A. inops and Ruminococcaceae UCG-014
and other minor microbes, although these could not be isolat-
ed with the standard culture methods employed in this study
(Table 3).

Various species of caecal obligate anaerobes in ICR mice,
such as B. pseudolongum, B. intestinalis, Bacteroides
acidifaciens, Bacteroides vulgatus and [Clostridium]
innocuum, could be detected and isolated by BL agar plating
in our previous studies (Takei et al. 2019; Xia et al. 2019;
Takei et al. 2020; Xia et al. 2020) but could not be detected
in other studies (Yokota et al. 2018). Due to the direct cell
count being a hundred times higher than the viable count,
particularly in BL agar, severe obligate anaerobes might have
been drastically reduced during the preparation and plating of
caecal dilutions. Further study of the isolation of major obli-
gate anaerobes is warranted to clarify the correlations among
diet, gut microbiome and host. Caecal B. pseudolongum was
previously detected in high abundance in ICR mice fed a diet
with high sucrose and without insoluble dietary fibres, such as
cellulose, and un-fermentable soluble dietary fibres, such as
carrageenans (Kuda et al. 2017; Take et al. 2019).

Isolation of typical F-AFA-susceptible gut indigenous bac-
teria and functional studies of the isolates in the presence of F-
AFA are warranted to validate the current findings.
Additionally, to clarify the mechanisms of action of AFA
and F-AFA on the gut microbiome and their applicability as
functional food materials, further studies, particularly on the
effects of longer AFA or F-AFA intake with respect to the sex,
age and strain of laboratory animals and humans, are needed
in the future.

Conclusion

To determine the dietary effects of AFA and F-AFA, a high-
sucrose and low-dietary fibre diet containing no dietary fibre
(NF), 5% AFA or 5% F-AFA was administrated to ICR mice
for 14 days. Compared with those of mice fed NF, body
weight and epididymal fat pad tissue weight gains were lower
in mice fed AFA and even lower in mice fed F-AFA. The
alpha diversity of the caecal microbiome was higher in mice

fed F-AFA. The abundance levels of Muribaculum- and
A. inops-like bacteria belonging to the phylum Bacteroidetes
and Ruminococcaceae UCG-014-like bacteria belonging to
the phylum Firmicutes were higher in the F-AFA group than
in the AFA group. Isolation of typical F-AFA-susceptible gut
indigenous bacteria and functional studies of the isolates in the
presence of F-AFA are warranted to validate the current
findings.
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