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Emerging evidence has suggested that the gut microbiota contribute to brain dysfunction, including pathological symptoms of
Alzheimer disease (AD). Microbiota secrete membrane vesicles, also called extracellular vesicles (EVs), which contain bacterial ge-
nomic DNA fragments and other molecules and are distributed throughout the host body, including blood. In the present study, we
investigated whether bacteria-derived EVs in blood are useful for metagenome analysis in an AD mouse model. Sequence readings
of variable regions of 16S rRNA genes prepared from blood EV's in Tg-APP/PS1 mice allowed us to identify over 3,200 operational
taxonomic units corresponding to gut microbiota reported in previous studies. Further analysis revealed a distinctive microbiota
landscape in Tg-APP/PS1 mice, with a dramatic alteration in specific microbiota at all taxonomy levels examined. Specifically, at the
phylum level, the occupancy of p_Firmicutes increased, while the occupancy of p_Proteobacteria and p_Bacteroidetes moderately
decreased in Tg-APP/PSI mice. At the genus level, the occupancy of g_Aerococcus, g_Jeotgalicoccus, g_Blautia,g_Pseudomonas
and unclassified members of £ Clostridiale and £ Ruminococcaceae increased, while the occupancy of g_Lactobacillus, unclassi-
fied members of £ 524-7, and g_Corynebacterium decreased in Tg-APP/PS1 mice. A number of genus members were detected in
Tg-APP/PS1 mice, but not in wild-type mice, while other genus members were detected in wild-type mice, but lost in Tg-APP/PS1
mice. The results of the present study suggest that the bodily microbiota profile is altered in Tg-APP/PS1 mice, and that blood EVs
are useful for the metagenome analysis of bodily microbiota in AD.
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INTRODUCTION

Alzheimer disease (AD) is a neurodegenerative disease charac-
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terized by AP plaque deposition and cognitive impairment. Recent
studies have indicated that the gut microbiota contribute to brain
dysfunction in various brain disorders [1-3]. The recent progress
in studies of microbiota composition changes in AD has been re-
markable. An analysis of selected gut microbiota from the stool of
AD patients revealed an increase of Escherichia/Shigella and a de-
crease of Eubacterium rectale [4]. DNA sequencing analysis of 16S
ribosomal genes from post-mortem brain extracts of AD patients
identified a number of signatures of gut microbiomes in the brain
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[5]. Sequence readings of 16S ribosomal RNA genes from fecal
samples manifested a remarkable shift in gut microbiota in APP/
PS1 mice, whereas cerebral Ap amyloid pathology was reduced in
APP/PS1 mice raised in the germ-free condition [6]. When 3xTg-
AD mice were treated with a SLAB51 probiotic formulation, the
compositions of their gut microbiota changed, AP aggregate accu-
mulation was reduced, and cognitive decline was delayed [7]. Se-
quence readings of 16S ribosomal RNA genes from fecal samples
indicated that the genera Odoribacter and Helicobacter increased
in APP/PS1 mice, while the genus Prevotella decreased in APP/
PS1 mice [8]. Sequence readings of 16S ribosomal RNA genes
from selected phyla and species in fecal samples of 5xFAD mice
indicated that the phylum Firmicutes increased, while the phy-
lum Bacteroidetes decreased, and Clostridium leptum increased
[9]. Overall, the available information suggests that microbiota
compositions are altered in AD patients and AD animal models,
although detailed microbiota profiles are complex and require fur-
ther studies.

Metagenome analyses of bodily microbiota are carried out most-
ly with fecal samples or small-intestine fluid. Such approaches
directly provide the landscape of gut microbiota profiles. Recent
studies have suggested that blood serum contains bacterial ge-
nome DNA fragments. Microbiomes secrete membrane vesicles,
also called extracellular vesicles (EVs) or shedding microvesicles
[10, 11]. Gram-negative bacterial EV's are small in size (10 to 300
nm in diameter) and have a lipopolysaccharide (LPS)-containing
outer membrane and periplasmic constituents [11, 12]. Gram-
positive bacterial EVs are also small in size (50~150 nm in diam-
eter) [13, 14]. Bacterial EVs contain bacterial DNA fragments,
RNAs, adhesins, toxins, lipoproteins, phospholipids, peptidogly-
cans and immunomodulatory compounds [10, 13-17]. Due to
their small size, bacterial membrane vesicles are permeable to the
cellular membrane of the intestinal barrier, and are thereby distrib-
uted throughout the body including blood [18, 19]. These results
suggest that blood serum can be used as an alternative route for
metagenome analysis of bodily microbiota.

In the present study, we investigated whether bacterial EVs in
blood would be useful for the assessment of bodily microbiota in
Tg-APP/PS1 mice.

MATERIALS AND METHODS

Animals

Tg-APPswe/PS1dE9 (Tg-APP/PSI1 for short) mice [20] were ob-
tained from the Jackson Laboratories (Bar Harbor, ME, USA). Tg-
APP/PS1 mice were crossed with C57BL6 mice for more than 10
generations. For genotyping, the following primer sets were used;
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5-AGGACTGACCACTCGACCAG-3 and 5-CGGGGGTC-
TAGTTCTGCAT-3’ for APP; 5-AATAGAGAACGGCAG-
GAGCA-3 and 5-GCCATGAGGGCACTAATCAT-3’ for PSEN.
Two to three mice were housed per cage under a 12 h light/dark
cycle in a humidity- and temperature-controlled room, and were
allowed access to a diet of lab chow and water ad libitum. All ani-
mals were handled in accordance with the animal care guidelines
of the Ewha Womans University (IACUC 2013-01-007).

Isolation of bacterial EVs and extraction of DNA from
mouse serum samples

Bacterial EVs were isolated from the sera as described previously
[21-23]. Male Tg-APPswe/PS1dE9 mice were sacrificed at the age
of 8 months and blood was collected from the hearts of sacrificed
mice. Collected blood was centrifuged at 1,500 x g for 15 min at
4°C,and sera were separated, frozen and stored at -70°C until use.

The sera were diluted 1 in 3 with 1x PBS (pH 7.4; ML008-01,
Welgene Inc., Gyeongsan, Korea) and centrifuged at 10,000 x g for
1 min at 4°C. Then, the supernatants were collected and filtered
through a 0.22-pm filter to remove bacteria and foreign particles.
The separated bacterial EVs were boiled at 100°C for 40 min. They
were then centrifuged at 13,000 rpm for 30 min at 4°C, and the su-
pernatants were collected. Bacterial DNA was extracted from the
boiled EVs with a PowerSoil DNA Isolation Kit (MO BIO Labo-
ratories Inc., Carlsbad, CA USA) in accordance with the manu-
facturer’s instructions. The DNA from the EV's in each sample was
quantified with a QIAxpert system (QIAGEN, Hilden, Germany).

PCR amplification and sequencing of variable regions of
the 16S rRNA gene

Bacterial DNA was extracted from isolated EVs with a ge-
nomic DNA extraction kit (Bioneer Inc., Korea) as described
previously [21]. PCR amplification of bacterial 16S ribosomal
RNA genes was carried out with the primer set of 165_V3_
F (5- TCGTCGGCAGCGTCAGATGTGTATAAGAGA-
CAGCCTACGGGNGGCWGCAG-3") and 16S_V4_R
(5- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-
GACTACHVGGGTATCTAATCC-3’), which were specitic for
the V3-V4 hypervariable regions of 16S rDNA.

The libraries were prepared with PCR products in accordance
with the MiSeq System guide (Illumina Inc., San Diego, CA, USA),
and the prepared libraries were quantified with a QIAxpert (QIA-
GEN, Germany). The prepared libraries were pooled at equimolar
ratios, and sequenced on a MiSeq (Illumina Inc.) in accordance

with the manufacturers recommendations.
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Taxonomic assignments by sequence reads of 16S rRNA
genes and following microbiota analysis

Taxonomic assignments were made by sequence reads of the
165 rRNA genes as described previously [21]. Briefly, the pyrose-
quencing reads obtained were filtered bythe barcode and primer
sequences on a MiSeq (Illumina, USA). Taxonomic assignment
was performed with the profiling program MDx-Pro ver.1 (MD
Healthcare, Seoul, Korea). Briefly, the quality of sequence reads was
controlled through the inclusion of sequences with read lengths
longer than 300 bp and average PHRED scores higher than 20.
Operational taxonomy units (OTUs) were clustered by the se-
quence clustering algorithm CD-HIT. Subsequently, taxonomy
assignments were achieved by means of UCLUST and QIIME on
the basis of sequence similarities with the 16S rDNA sequence
database of GreenGenes 8.15.13. In the event that clusters could
not be assigned at the genus level due to the lack of sequences in
the database or redundant sequences, the taxon was assigned at a
higher level and indicated in parentheses. Taxonomic assignments
were achieved on the basis of similarities at the following levels:
genus, >94% similarity; family, >90% similarity; order, >85% simi-

larity; class, >80% similarity; and phylum, >75% similarity.

Statistical analysis

Data are presented as the mean percentage+SEM. The z-score
was calculated as X - p/o, where p=mean; X=individual score;
o=standard deviation (SD).

RESULTS

Tg-APP/PS1 mice show plaque deposition in the brain start-
ing from 6.5 months of age and severe cognitive deficits at 7~7.5
months [24-26]. Bacterial EVs in blood were collected from
8-month-old Tg-APP/PS1 mice and their wild-type controls, and
bacterial DNA was extracted from prepared EVs as described in
the Materials and Methods. PCR amplification of variable regions
of 16S ribosomal RNA (rRNA) genes and subsequent sequence
readings led us to identify approximately 2,500 and 3,200 OTUs
for wild-type and Tg-APP/PSI mice, respectively. Although a
slightly higher number of OTUs was identified for Tg-APP/PS1
mice than for controls, the difference was not statistically signifi-
cant (Fig. 1A). Among the identified OTUs, 30 OTUs at the phy-
lum level, 72 OTUs at the class level, 133 OTUs at the order level,
263 OTUs at the family level, and 571 OTUs at the genus level
were assigned to either wild-type or Tg-APP/PSI mice. Among
the identified OTUs, in the present study we focused on the OTUs
with occupancies >0.1% at each taxon level.

Among the identified OTUs at the phylum level, 14 phylum
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members had occupancies >0.1% in either wild-type or Tg-APP/
PS1 mice (Fig. 1B). The top 5 phylum members (p_Firmicutes,
p_Proteobacteria, p_Bacteroidetes, p_Actinobacteria, and p_
TM7[Saccharibacteria]) comprised nearly 95% of the identified
OTUs in both wild-type and Tg-APP/PS1 mice, whereas their
relative occupancies differed between the two groups. The follow-
ing phylum members were notable because their occupancies in
Tg-APP/PSI mice differed by more than one standard deviation
(SD; one z-score) from those in wild-type mice. The occupancy of
p_Firmicutes increased from 34.7 to 57.5% in Tg-APP/PS1 mice,
whereas the occupancy of p_Proteobacteria decreased from 30.5
to 20.7% (Fig. 1C). In addition, the occupancies of p_Fibrobac-
teres and p_ [Thermi] (Deinococcus-Thermus) increased from 0
to 0.1% and 0.2%, respectively, in Tg-APP/PS1 mice, whereas the
occupancy of p_ Tenericutes decreased from 0.9 to 0.3% (Fig. 1C).

The microbiota for which occupancies in Tg-APP/PS1 mice
were altered at the class, order, and family levels are further speci-
fied and summarized in Table 1. Among p_Firmicutes members,
the changes in ¢_Bacilli is remarkable, particularly the increase of
[ Aerococcaceae and {_Leuconostocaceae and the decrease of £
Lactobacillaceae in Tg-APP/PS1 mice. Among p_ Proteobacteria,
£ Sphingomonadaceae, { Comamonadaceae and £ Rhodocycla-
ceae decreased in Tg-APP/PS1 mice, whereas £ Pseudomonada-
ceae and [~ Caulobacteraceae increased. Among p_Bacteroidetes,
£ 824-7 and £_Flavobacteriaceae decreased in Tg-APP/PS1 mice,
whereas £ Cytophagaceae and £ Sphingobacteriaceae increased.
Among p_Actinobacteria, { Corynebacteriaceae notably de-
creased in Tg-APP/PS1 mice (Table 1).

We continued to analyze the occupancies of specific genus mem-
bers in Tg-APP/PS1 mice relative to wild-type controls. Of the
130 genus members with relative occupancies >0.1% in either wild
type or Tg-APP/PS1 mice, 39 members were upregulated, and 16
members were downregulated in Tg-APP/PS1 mice, by more than
one SD relative to wild-type mice, while the remaining 70 mem-
bers were unchanged in Tg-APP/PS1 mice. Of these altered genus
members, 17 were newly detected in Tg-APP/PS1 mice, but not
in wild-type mice, while 12 were detected in wild-type mice, but
lost in Tg-APP/PS1 mice (Table 2). The heat-map analysis in Fig.
2A represents these changes pictorially (Fig. 2A). The total relative
occupancy of these 55 (39+16) altered genus members was 29.9%
in wild-type mice and 52.2% in Tg-APP/PS1 mice (Table 2). Of
the 55 altered genus members, 9 had occupancies >0.1% in either
wild-type or Tg-APP/PS1 mice. Specifically, g Corynebacterium
decreased from 3.50% in wildtype mice to 0.94% in Tg-APP/PSI
mice, an unclassified member of £ $24-7 decreased from 6.30 to
1.81%, and g_Lactobacillus decreased from 5.57 to 3.13% (Table
2 and Fig. 2B). On the other hand, g_Aerococcus increased from
371
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Alpha diversity Phylum
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2 3 60 W Unassigned (other)
o 2000 - 5 B Verrucomicrobia
E 1500 - g W Tenericutes
S 9 40 W Cyanobacteria
E 1000 - g B Armatimonadetes
© 500 - & | Gemmatimt?nadetes
§ 20 B Fusobacteria
0 - [Thermi]
'\Q\QQQ D‘QQQ QQQQ Fibrobacteres
Sequences per sample WT Tg-APP/PS1
C
Occupancy
Taxon (%; Mean+SEM) Fold z-score
change
wT Tg-APP/PS1
p__Firmicutes 347 +3.0 575+83 T 1.66 3.45
p__Proteobacteria 305+28 20.7+4.38 | -1.47 -1.56
p__Bacteroidetes 17.8+57 87 22 | -2.06 -0.73
p__Actinobacteria 77 +19 52 1.0 | -1.48 -0.59
p__TM7 3.8 £1.0 26 £1.5 |} -1.46 -0.55
Unassigned;Other 19 £1.0 28 0.7 T 148 0.39
p__Verrucomicrobia 11 £04 14 £0.5 T 1.29 0.38
p__Tenericutes 09 £03 03 0.2 | -3.28 -1.10
p__Cyanobacteria 09 +04 05 0.3 | -1.98 -0.56
p__Armatimonadetes 03 £02 0.0 £00 1 -9.95 -0.64
p__Gemmatimonadetes 02 £02 0.0 £00 | -260 -0.45
p__Fusobacteria 0.2 +0.1 0.1 £0.0 | -2.95 -0.46
p__Fibrobacteres 0.0 £ 0.0 0.1 £0.1 T << <<
p__[Thermi] 0.0 £0.0 0.2 +0.2 T << <<

Fig. 1. The diversity and composition of microbiota at the phylum level in wild-type and Tg-APP/PS1 mice. (A) Rarefaction curves representing the
number of OTUs for each sample (fine lines) and the mean OT Us (thick lines and filled circles) +/- SEM over the identified sequences in wild-type control
(blue) and Tg-APP/PSI mice (red) (n=>5, each). (B) Clustered stacked columns representing the overall compositions of microbiomes at the phylum level
in wild-type control and Tg-APP/PS1 mice. Those of occupancies 0.1% and higher in wild-type control and/or Tg-APP/PS1 mice are presented. (C) The
percent compositions, fold-changes and z-scores of microbiomes at the phylum level in wild-type and Tg-APP/PS1 mice. Data are presented as the mean
percentage +/- SEM (n=5, each). The z-score is X — /0, where p=mean; X=individual score; o=standard deviation (SD). Increases and decreases of the
mean occupancy by more than one z in Tg-APP/PSI are marked by 1 and |, respectively. << and >> denote infinite increases and decreases, respectively.

0.02% in wildtype mice to 10.45% in Tg-APP/PSI mice,g_Jeotgal-
icoccus increased from 0.83 to 8.50%, an unclassified member of
o_Clostridiales increased from 4.66 to 7.03%,g_Blautia increased
from 0.12 to 1.37%, an unclassified member of £ Ruminococca-
ceae increased from 2.44 to 6.09%, and g_Pseudomonas increased
from 2.78 to 4.13% (Table 2 and Fig, 2B).

DISCUSSION
Metagenome analysis of bacterial EVs in blood identified

altered bodily microbiota compositions in Tg-APP/PS1 mice
We demonstrated in the present study that bodily microbiota
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compositions were altered in Tg-APP/PS1 mice compared to
those of non-transgenic control. Of the alterations in phylum
members, it is worth noting that the occupancy of p_Firmicutes
increased from 34.7 to 57.5% in Tg-APP/PS1 mice (Fig. 1C). This
increase was comprised change in the following genus members;
g Aerococcus (from 0.02 to 10.45%),g_Jeotgalicoccus (from 0.83
to 8.50%), an unclassified member of o_Clostridiales (from 4.66
to 7.03%), g_Blautia (from 0.12 to 1.37%), and an unclassified
member of £ Ruminococcaceae (from 2.44 to 6.09%). In contrast
to these genus members, g_Lactobacillus decreased (from 5.57 to
3.13%).

The total occupancy of p_Proteobacteria decreased from 30.5

https://doi.org/10.5607/en.2017.26.6.369
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Table 1. The percent compositions of microbiomes at the levels of class, order, and family in wild-type and Tg-APP/PSI mice

Phylum Class Order Family
Occupancy Occupancy Occupancy Occupancy
Taxon M z-score Taxon M z-score Taxon M z-score Taxon (%;Mi&an) z-score
Wr g WI Iy WI Iy WI Iy
Firmicutes 47 575 134 Clostridia 181 259 114 Clostridiales 181 259 114 “Unidentificd 47 7 11l
Lachnospiraceae 359 115
[Mogibacteriaceae] 0 01 f<<
Eubacteriaceae 0 01 1«
Bacilli 16 303 154  Lactobacillales 83 17 132 Lactobacillaceae 57 31 |-17
Aerococcaceae 06 1L1 1106
Leuconostocaceae 0 03 142
Bacilfales 73129 111 Saphylococcaceae 64 12 11
Other 0 03 1278 Other 0 03 1278
Proteobacteria 305 207 |-16  Gammaproteobacteria - 144 13 Peudomonadales 91 88 Peudomonadaceae 3.1 45 114
Xanthomonadales 0 01 156  Xanthomonadaceae 0 01 156
Alphaproteobacteria 102 37 Sphingomonadales 38 07 | -1l Sphingomonadaceae 38 07 |-l
Rhizobiales 1 14 Bartonellaceae 0 01 1T«
Caulobacterales 02 09 121 Caulobacteraceae 02 09 121
Betaproteobacteria 47 34 Burkholderiales 42 32 Comamonadaceae 25 11 |-11
Rhodocydlales 02 0 |>»  Rhodocydaceae 02 0 |»
Bacteroidetes 178 87 Bacteroidia 175 79 PBacteroidales 175 79 §24-7 63 18 |-l
[Odoribacteraceae] 0 01 1<<
Havobacteriia 03 03 FHavobacteriales 03 03 Havobacteriaceae 02 0 >
Cytophagia 0 02 1<« Crophagales 0 02 1<« Crophagaceae 0 02 T«
Sphingobacteriia 0 02 126  Sphingobacteriales 0 02 126  Sphingobacteriaceae 0 02 126
Actinobacteria 77 52 Actinobacteria 69 43 Actinomycetales 61 33 Corynebacteriaccae 35 09 | -14
Micrococcaceae 0 01 1<<
Nocardioidaceae 0 01 7162
M7 38 26 IM7-3 38 26 “Unidentified 0 02 1< “Unidentified 0 02 1<
Tenericutes 09 03 |-11  Mollicutes 09 03 |-l RFY 09 03 |-11  “Unidentified 09 03 -1
Cyanobacteria 09 05 4C0d-2 0 02 114 12 0 02 114 “Unidentified 0 02 114
Gemmatimonadetes 02 0 Gemmatimonadetes 02 0 |>>  Gemmatimonadales 01 0 |>>  “Unidentified 01 0 |>»
“Unidentified 01 0 |>  “Unidentified 0 0 >
[Thermi] 0 02 1<« Deinococc 0 02 1<« Denococcales 0 02 1<« Denococcaceae 0 02 1«
Fibrobacteres 0 01 1t«< T1G3 0 01 1« TG3I 0 01 1< TSCOR003-020 0 0l 7T«
Summation %5 956 931 926 773 839 415 518

The family members of microbiomes for which occupancy differed by more than one standard deviation (SD; one z) in Tg-APP/PS1 mice from that of
wild-type mice are presented, along with the higher taxonomy levels. Those occupying 0.1% and higher in either wild-type or Tg-APP/PS1 mice were

included.

Data are presented as the mean percentages and z-scores. The z-score is X — p/o, where p=mean; X=individual score; o=standard deviation (SD). Increas-
es and decreases in the mean occupancy by more than one z in Tg-APP/PSI are indicated by 1 and |, respectively. << and >> denote infinite increases

and decreases, respectively.
" APPswe/PSEN1dE9; ” APPswe/PSEN1-L166P

to 20.7% in Tg-APP/PS1 mice. Although the occupancy of some
genus members of p_Proteobacteria, including g_Amaricoccus,
g Sphingopyxis,g_Oligella, and g_Ralstonia, decreased (from
0.13~0.41% to 0%), no single genus member that occupied over
than 1% in wild-type mice contributed to this decrease. On the
other hand, g_Pseudomonas, a member of p_Proteobacteria, in-
creased (from 2.78 to 4.13%) in Tg-APP/PS1 mice. It was notable
that g Corynebacterium, a genus member of p_Actinobacteria,

decreased from 3.50 to 0.94%, and that an unclassified member of

https://doi.org/10.5607/en.2017.26.6.369

£ 824-7,a genus member of p_Bacteroidetes, decreased from 6.30
to 1.81%.

As summarized with the results of the heat-map analysis, certain
genus members were newly detected in Tg-APP/PS1 mice, but not
in wild-type mice, while other members were detected in wild-
type mice, but lost in Tg-APP/PS1 mice. Although the relative oc-
cupancy of each of these genus members was not high, determin-
ing whether these genus members could can serve as microbiome

markers for specific AD pathology will require further investiga-
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Table 2. The percent compositions of microbiomes at the genus level in wild-type and Tg-APP/PS1 mice

Occupancy

Taxon (%; Mean+SEM) c::flde z-score
wT Tg-APP/PS

p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;t_$24-7,g 6.3+197 1814053 | -35 -1
p__Firmicutesc__Bacillio__Lactobacillales:t”_Lactobacillaceae,g _ Lactobacillus 557+0.58  3.13+0.85 | -18 -19
p__Firmicutesc__ Clostridia;o__Clostridiales:t ;g 4.66+1 703£278 115 1.1
p__Actinobacteria;c__Actinobacteria;o__Actinomycetales;t_Corynebacteriaceae,g _ Corynebacterium 35079 094039 | -37 -14
p__Proteobacteria;c_ Gammaproteobacteria;o__Pseudomonadalest _ Pseudomonadaceaeig _ Pseudomonas — 2.78+0.38 4131087 115 1.6
p__Firmicutes;c__Clostridia;o__Clostridiales;f  Ruminococcaceae,g 2.44+0.65 6.09+2.2 125 25
p__Tenericutesic__Mollicutesio_ RE39f ;g 0.92+0.26 026+0.15 | -36 -1.1
p__Firmicutesc__Bacillio__Bacillales:t”_Staphylococcaceaesg__Jeotgalicoccus 0.83+0.62 85549 1102 55
p__Proteobacteria;c__Alphaproteobacteria;o__Rhodobacterales;t _Rhodobacteraceae,g _ Amaricoccus 041041 0+0 1> >>
p__Proteobacteriaic__Betaproteobacteria;o__Burkholderiales;t _Oxalobacteraceae;g__Ralstonia 0.21+0.16 0£0 1> >>
p__Firmicutesc__Erysipelotrichio__Erysipelotrichales:t _Erysipelotrichaceae,g 0.19+0.08 047+0.19 125 1.5
p__Fusobacteria;c__Fusobacteriiao__Fusobacterialest” _Leptotrichiaceae,g _ Leptotrichia 0.18+0.11 0+0 | >> >>
p__Bacteroidetes;c__Favobacteriia;o__Favobacterialesit Flavobacteriaceae;g _ Flavobacterium 0.16+0.16 0+0 1> >>
p__Proteobacteria;c__Betaproteobacteria;o__Burkholderiales:t” _Alcaligenaceae,g  Oligella 0.15+0.15 0+0 1> >>
p__Firmicutesic__Clostridia;o__Clostridiales;t”__Lachnospiraceae;g__Lachnospira 0.15+0.1 0+0 1> >>
p__Firmicutesic__Bacillio__Bacillales:t_Planococcaceae;g__Sporosarcina 0.14+0.14 049+049 136 12
p__Actinobacteria;c__Actinobacteria;o__Bifidobacterialesit _Bifidobacteriaceae,g 0.14+0.08 0+0 1> >>
p__Proteobacteria;c__Betaproteobacteria;o__Rhodocyclales:t_Rhodocyclaceae,g  Methyloversatilis 0.13+0.13 0+0 1> >>
p__Proteobacteria;c__Alphaproteobacteria;o__Sphingomonadalest”_Sphingomonadaceae;g _Sphingopyxis  0.13+0.08 0+0 | >> >>
p__Firmicutes;c__Bacillio__Lactobacillales;t”_Aerococcaceae,g _ Alloiococcus 0.13+0.09 0+0 1> >>
p__Firmicutesc__Clostridiaio__Clostridiales;t__Lachnospiraceacig _Blautia 0.1240.11 1374095 1111 53
P Gemmatimonadetes;c__Gemmatimonadetes;o_;f g 0.11+0.11 0+0 1> >>
p__Gemmatimonadetes,c__ Gemmatimonadetes;o__ Gemmatimonadales:t ;g 0.11+0.11 0+0 | >> >>
p__Proteobacteria;c__Betaproteobacteria;o__Burkholderialesit _ Oxalobacteraceae,g 0.08+0.05 028+021 134 1.6
p__Proteobacteria;c__Alphaproteobacteria;o__Rhizobiales:t _Methylobacteriaceae,g 0.06+0.05 0.34+0.2 158 23
Pp__Bacteroidetes;,c__Bacteroidia;o__Bacteroidales__Porphyromonadaceae,g _ Parabacteroides 0.06£0.06 028019 15 1.8
p__Cyanobacterizc__4C0d-2;0__YS2£ ;g 0.05+0.05 0.19£0.12 14 14
p__Firmicutesic__ Clostridia;o__ Clostridiales;t”_Lachnospiraceae;Other 0.04+0.03 045+041 7101 6.9
p__Proteobacteria;c__ Alphaproteobacteria;o__Caulobacterales:t _Caulobacteraceae,g 0.04:001  081+051 1187 296
p__Proteobacteria;c_ Gammaproteobacteria;o__Enterobacterialest _Enterobacteriaceae;Other 0.04+0.02 042+0.19 1104 77
p__Proteobacteria;c__Betaproteobacteria;o__Neisseriales;f _ Nelsseriaceae;,g _ Neisseria 0.03+0.03 02+0.14 17 2.7
p__Proteobacteria;c__Gammaproteobacteria;o__ Pasteurellales;t_ Pasteurellaceae,g Haemophilus 0.02+0.02  0.14£0.1 162 23
p__Firmicutesc__Bacillio__Lactobacillales:t”_Aerococcaceacig _Aerococcus 0.02+001 1045855 1630  434.2
p__Actinobacteria;c__Actinobacteria;o__Actinomycetales;t_Nocardioidaceae,g 0.01:001  0.11x0.07 115 6.2
p__Firmicutesic_ BacilliOther;Other;Other 0.01+0.01 0.32+0.3 1486 27.8
p__Firmicutesic__ Clostridia;o__ Clostridiales;t”_Ruminococcaceae;Other 0.01x0 024023  140.1 234
p__Firmicutesc__Bacillio__Bacillales;t  Bacillaceae;g  Bacillus 0+0 027+0.16 1724 32
p__Firmicutesc__Bacillio__Lactobacillales:t__Leuconostocaceae;g _ Weissella 0+0 0.18+0.18 11498  66.6
p__Firmicutesc__Clostridia;o__Clostridiales;t”__ [Mogibacteriaceael;g 0+0 01006  1<< <<
p__Fibrobacteres.c__TG30__TG3-1f_TSCOR003-020,g 0+0 0.11+0.11  1<< <<
p__Bacteroidetes;,c__Bacteroidia;o__Bacteroidalest _[Odoribacteraceaef,g _Odoribacter 0+0 011008  1<< <<
p__Proteobacteria;c__Deltaproteobacteria;o__Desulfovibrionales:t _Desulfovibrionaceae;g 0+0 0.11+0.1 1< <<
p__Bacteroidetes;c__ Cytophagia;o__Cytophagales;t_ Cytophagaceae;g _ Hymenobacter 0+0 0.1240.12 << <<
p__Firmicutesc__Clostridia;o__Clostridiales;t__ Veillonellaceae;g _ Megamonas 0+0 0.13+0.12  1T<< <<
p__Firmicutesc__Bacillio__Lactobacillales:t”__Leuconostocaceaeg 0+0 0.13£0.06  1<< <<
p__Firmicutesic__ Clostridia;o__ Clostridiales;{_Eubacteriaceaeig _Anaerofustis 0+0 0.13+0.1 1 << <<
p__Bacteroidetes,c__Sphingobacteriia;o__Sphingobacteriales;t _Sphingobacteriaceacig 00 0.14+0.14 << <<
p__Actinobacteria;c__Actinobacteria;o__Actinomycetalest _Micrococcaceae,g _Kocuria 0+0 0.14+008  1<< <<
p__Proteobacteria;c__Alphaproteobacteria;o__Rhizobiales:t _Bartonellaceae,g 0+0 0.14+0.1 1 << <<
p_TMZc _TM7-30_f ;g 0+0 0.16+0.11  1<< <«<
p__[Thermij:c__Deinococci:o__Deinococcalesit__Deinococcaceaeg _Deinococcus 0+0 0.19+0.19  1<< <<
p__Bacteroidetes;,c__ Flavobacteriia;o__Favobacterialesit_[Weeksellaceael.,g _ Cloacibacterium 0+0 0.2+0.2 1 << <<
p__Actinobacteria;c__Coriobacteriia;o__Coriobacteriales:t_Coriobacteriaceaeg__ Collinsella 0+0 035£0.17  T<< <<
p__Lirmicutesic__ Clostridia;o__ Clostridiales;t__ Veillonellaceae,g_ Veillonella 0+0 037£027  1<< <<
p__Firmicutes;c__Bacillio__Lactobacillalest_Streptococcaceae,g _Lactococcus 0+0 0674062  1<< <<
Summation 299 522

The percent compositions of microbiomes at the genus level for which occupancy differed by more than one SD (one z) in Tg-APP/PS1 mice. Microbiomes
with occupancies higher than 0.1% in either wild-type or Tg-APP/PS1 mice were included.

Data are presented as the mean percentage +/- SEM. The z-score is X — i/, where p=mean; X=individual score; o=standard deviation (SD). The increase
and decrease of the mean occupancy by more than one z in Tg-APP/PSI are indicated by 1 and |, respectively. << and >> denote infinite increases and de-
creases, respectively.
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Fig. 2. The genus members that were down-regulated or up-regulated in Tg-APP/PS1 mice. (A) Heat maps depicting the list of microbiota for which
occupancies increased (red) or decreased (green) by more than one SD (one z) in Tg-APP/PS1 mice relative to the percent mean of wild-type controls.
In total 130 genus members with occupancies higher than 0.1% in either wild-type or Tg-APP/PS1 mice were considered. Subsequently clustering of
respective microbiomes in independent comparisons were overlaid. n/s, the microbiomes for which occupancy was not detected in wild-type or Tg-
APP/PSI mice. The z-score is expressed as X — p/a, where p=mean; X=individual score; o=standard deviation (SD). (B) The percent compositions of
microbiomes at the genus level in wild-type and Tg-APP/PS1 mice. All genus members with occupancies higher than 0.1% in either wild-type (blue) or

Tg-APP/PS1 mice (red) are presented (n=>5, each).

tion.

In comparing the results of the present study with those pub-
lished in the literature, it may be worth noting that the altered
occupancy of p_Firmicutes in Tg-APP/PS1 mice (from 34.7 to
57.5%, z=3.45) in the present study was similar to a recently re-
ported increase of this phylum in 5xFAD mice (from 34 to 49%,
p=0.003) [9]. On the other hand, the decrease in occupancy of p_
Bacteroidetes was more prominent in 5xFAD mice (from 61 to
46%, p=0.003) [9] than in Tg-APP/PS1 mice (from 17.8 to 8.7%,
2=-0.73). The occupancy of p_Proteobacteria decreased in Tg-
APP/PS1 mice (from 30.5 to 20.7%, z=-1.56), whereas no informa-
tion on this phylum member was available in 5xFAD mice (Table
3).

At the genus level, Tg-APP/PS1 mice exhibited decreases in oc-
cupancy of g_Allobaculum, and g_Anaerostipes, and increases

https://doi.org/10.5607/en.2017.26.6.369

in occupancy of g Odoribacter, g _Streptococcus and g_Dorea.
Similar results were also found in 3xTg mouse fecal samples [7].
Tg-APP/PS1 mice displayed increases of g_Aerococcus (from 0.02
to 10.45%),g_Jeotgalicoccus (from 0.83 to 8.50%),g_Blautia (from
0.12 to 1.37%), and g_Pseudomonas (from 2.78 to 4.13%), while a
decrease of g_Lactobacillus (from 5.57 to 3.13%). However, these
genus members were not altered in the available studies of fecal
samples (Table 3).

Although physiological significance of these changes are not
known, it will be worthy of note the following genus members.
A recent study reported that the occupancy of g_Odoribacter
increased in the gut of aged mice [27], and in Tg-APP/PSI (this
study) and 3xTg mouse [7]. These results suggest that the in-
crease of g Odoribacter in Tg-APP/PS1 mice is likely related
to AD pathology, rather than simple aging. Oral treatment with
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Table 3. Summary of microbiota composition characterized in the present study and comparison with that identified from fecal samples in recent studies

Present Published
a) APP/PS1" (fecal) 3xTg (fecal)
AAAREAT (i) (Harach et al., 2017) (Bonfili et al., 2017)
<Microbial diversity> WTvs. Tg WTvs. Tg WTvs. Tg
Alpha diversity 1 1 =
<Microbiome> WTvs. Tg
Phylum Genus Fold change  Z-score WT'vs. Tg WT'vs. Tg
Actinobacteria -1.48 -0.59
Corynebacterium l -3.71 -1.45
Amatimonadetes -9.95 -0.64
Bacteroidetes -2.06 -0.73 i
Odoribacter 1 << << 1
Prevotella 2.35 0.61 1
£ Paraprevotellaceac,g n/s n/s )
f_Rikenellaceae;g 1.05 0.08 1
[ 52479 ! -3.49 -1.02 1
o__Bacteroidales;t ;g 1 << << 1
Cyanobacteria -1.98 -0.56 !
o_YS2f g i 4.04 1.36 l
Fibrobacteres 1 << <<
Firmicutes i 1.66 345
Aerococcus i 630.03 43421
Allobaculum -1.01 -0.004 l
Anaerostipes -172.96 -0.7 !
Blautia 1 11.12 527
Dorea i << << T
Enterococcus -4.97 -0.47 i
Jeotgalicoccus 1 10.22 5.51
Lactobacillus ! -1.78 -1.87
Roseburia 1.09 0.06 !
Ruminococcus 1.22 0.25 i
SMB53 256 031 1
Streptococcus 1.12 0.16 T
Turicibacter -1.18 -0.07 i
f_Christensenellaceae;g -3.59 -0.57 1
£_[Mogibacteriaceael;g 1 << << )
£ Peptostreptococcaceae;g i 15.52 6.49 T
f Ruminococcaceae,g 1 2.49 2.52
o__Clostridiales;:f ;g 1 1.51 1.06
Fusobacteria -2.95 -0.46
Gemmatimonadetes -260.4 -0.45
Proteobacteria l -1.47 -1.56
Escherichia/Shigella 211 -0.27
Hlexispira 222 -0.42 1
Pseudomonas 1 1.48 1.58
£ Desulfovibrionaceae; Other n/s n/s 1
{_Desulfovibrionaceae;g 1 << << l
£ Helicobacteraceae;g -2.02 -0.23 l
o__RI32f ;g n/s n/s l
Tenericutes l -3.28 -1.1 i T
Anaeroplasma 1 << << l
Mycoplasma n/s n/s !
o RF39f g ! 359 114 !
T™7 -1.46 -0.55
f _Fl6g -1.62 -0.66 l
[Thermi] 1 << <<
Verrucomicrobia 1.29 0.38
Akkermansia 1.29 0.38 l
Unassigned;other 1.48 0.39 l
Unassigned-other 1.48 0.39 !

The microbiomes for which the percent composition increased or decreased by more than one z score in Tg-APP/PS1 are marked by 1 and |, respec-
tively. << and >> denote infinite increases and decreases, respectively. The increases and decreases of the indicated microbiota in the previous studies are
also marked by 1 and |, respectively.
The z-score is expressed as X — /g, where p=mean; X=individual score; o=standard deviation (SD). "APPswe/PSEN1dE9; ”APPswe/PSEN1-L166P.
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Lactobacillus helveticus and Bifidobacterium longum improved
behavioral and cognitive impairments caused by chronic stress [28]
and reversed stress-induced decreased BDNF expression in the
hypothalamus [29]. Administration of Lactobacillus fermentum
increased hippocampal mineralocorticoid receptor and NMDA
receptor levels in rats with psychological changes induced by anti-
biotics [30]. Lactobacillus plantarum attenuated circulating TNF-a
and IL-6 levels while reducing immobility time in the forced swim
test and increasing sucrose preference in mice with early-life stress
[31]. Lactobacillus rhamnosus attenuated increased IL-10+ regula-
tory T cells and decreased stress-induced anxiety-like behavior in
mice with chronic social stress [32]. Lactobacillus reuteri restored
VTA synaptic plasticity and social deficits in an autism mouse
model induced by maternal high-fat diet treatment [33]. Regard-
ing these results, it will be interesting to test whether the decrease
of g_Lactobacillus in Tg-APP/PS1 is a risk factor for AD pathol-
ogy.

Overall, these results suggest that the microbiota composition of
AD patients and AD animal models is altered, although detailed
microbiota profiles are not consistent. These results imply that the
microbiota composition of AD or AD models in different physi-
ological contexts is highly complex and dynamic. Considering the
importance of understanding the interaction between the gut mi-
crobiota and the brain in AD, more systematic and comprehensive
analyses of the microbiota compositions in AD are needed.

Bacterial EVs in blood represent a new avenue for metagenome
analysis of microbiota in AD models and patients

The results of the present study raise some important issues
regarding bodily microbiota in Tg-APP/PSI mice, which are sum-
marized as follows. First, it is worth noting that Tg-APP/PSI mice
and their wild-type controls were cultured in the same animal
room environment with the same food from gestation and birth.
Nonetheless, microbiota compositions of Tg-APP/PSI mice were
altered. This result emphasizes the importance of the relationship
between microbiota and AD pathology. Second, detailed analysis
of microbiome profiles indicated that the microbiota represented
in blood EVs matched the gut microbiota reported in previous
studies [34-38]. This is not surprising, because the main source
of bodily microbiota is in the gut/gastrointestinal tract [39-41].
Microbiota that are metabolically active [42] or exist under patho-
genic conditions [12, 15] produce EVs. It will be worth investigat-
ing what proportions of bacteria-derived EVs in blood in Tg-APP/
PS1 mice are metabolically active or exist under pathogenic con-
ditions. Third, the specific microbiota identified to have altered
occupancies in the present study were partly consistent with those

assessed on the basis of fecal microbiomes, although the relative

https://doi.org/10.5607/en.2017.26.6.369

proportions of certain taxa differed from those in fecal samples
(Table 3). As summarized in Table 3, the relative proportions of
specific taxa identified from fecal samples have varied across dif-
ferent studies (eg., APPPS1 mice of [6] vs. 3xTg mice of [7]). Given
the considerable variation among AD animal models, which are
cultured in relatively defined environments, more comprehensive
and systematic studies are necessary in AD patients to elaborate
whether and how various genetic, ethnic, environmental and re-
gional factors affect microbiota profiles. Fourth, to the best of our
knowledge, this is the first study characterizing bodily microbiota
on the basis of blood EVs. Unlike feces, blood is collected during
normal medical examination. Therefore, the ability to use blood as
a sample source will facilitate the rapid assessment of the microbi-
omes of AD patients in various physiological contexts.

In summary, we identified a number of microbiota from blood
EVs whose composition was altered in an AD mouse model.
Among the altered microbiota, a number of genus members were
detected in Tg-APP/PS1 mice, but not in wild-type mice, while
other genus members were identified in wild-type mice, but not
in Tg-APP/PSI mice. The results of the present study support that
bacterial EVs in blood represent a new opportunity for metage-
nome analysis of microbiota in AD models and AD patients.
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