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Precise microbiome engineering for functional analysis of

gut microbiome
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Introduction

The human gut hosts about 1,000 species and 100 trillion microorganisms, forming a complex microbiome. Next-
generation sequencing enables comprehensive microbial genome analysis, revealing microbiome composition.
Comparing healthy and diseased individuals has helped identify microbes linked to disease onset and suppression. The
next challenge is to reveal the role of these microbes and regulate microbiome function. However, analyzing individual
species within such a vast ecosystem is difficult. Just as gene disruption reveals gene function, could microbial
inactivation clarify individual roles within the microbiome? This study aimed to develop a technology to selectively
eliminate target microorganisms in microbiome.

Microbiome engineering using peptide nucleic acids

To modify the microbiota subtractively, an agent acting bacteriostatically or bactericidally on target microorganisms

can be added. We first focused on peptide nucleic acids (PNA), where . .
Pep ( : Microbiome / CPP PNA against .\

the DNA backbone is replaced by peptides. PNAs are more stable

than DNA and bind to single-stranded DNA or RNA. By fusing with ®r F®e W
TG

Penetration by CPP

cell-penetrating peptides (CPPs) rich in basic amino acids, PNAs can
m mRNA
l Translatlonx
on

be delivered into microbial cells'. In an artificial microbiome of
% Growth inhibiti

Escherichia coli, Pseudomonas putida, Pseudomonas fluorescens, and
Lactiplantibacillus plantarum, adding PNAs complementary to the
mRNA of essential genes in E. coli and P. putida successfully inhibited
target growth (Fig. 1)% However, due to insufficient CPP membrane
permeability, PNA chains delivered were limited to around 10 bases,
lacking enough sequence specificity. Fig. 1 PNA-based microbiome engineering

Precise microbiome engineering using bacteriophages

To develop a more specific microbiome modification technique, we focused on bacteriophages. Phages are viruses
that infect bacteria in a host-specific manner, and their host specificity can be observed at the species or strain level.
Additionally, phages replicate within the host and lyse it, making them "replicating bactericidal agents." Leveraging these
properties, we examined whether it was possible to specifically kill only the target bacteria in an artificial microbiome
consisting of E. coli, P. putida, Bacillus subtilis, and L. plantarum. After isolating phages that infect each microorganism
from soil and wastewater, these phages were added to the artificial microbiome. As a result, we successfully lysed only
the target microorganism, demonstrating the concept of microbiome modification®.

To apply this approach to real microbiome, it is necessary to quickly obtain phages that target the desired
microorganisms. The isolation of phages from environmental samples is somewhat random, and there is no guarantee
that phages infecting the target microorganisms will be isolated. Interestingly, some phages integrate their genome into
the host microorganism's genome, indicating that the blueprint for the phage infecting that microorganism is recorded
within its genome. Therefore, if phages could be synthesized based on this blueprint, it would be possible to obtain
them without searching for them. We then tested whether it was possible to synthesize phages from the genome of £.
coli lysogenized with A phage (Fig. 2). The DNA fragments comprising A phage were amplified from the genome of the
A lysogenized strain and they were introduced into a A non-infective strain. By expressing homologous recombination
enzymes in the A non-infective strain, the DNA fragments are assembled in vivo and the full-length phage DNA can be
obtained*. This allowed us to mimic a phage-infected state and to artificially synthesize phages. By using the artificially
synthesized phages, the artificial microbiome could be successfully modified just like natural phages (Fig. 2)°.
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Fig. 2 Artificial synthesis of the phage using the prophage as blueprint.
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Circles, triangles, diamonds, and squares indicate E. coli, P. putida, B. subtilis, and L. plantarum, respectively.

Perspectives

The above results suggest the possibility of freely modifying the microbiome if phages that infect 1,000 species of gut
bacteria can be acquired. Based on this idea, we will launch the "1,000 Phage Acquisition Project". Additionally, by
removing the lytic ability from phages and incorporating genome editing capabilities, we also plan to develop
technology for /n situ modification of the functions of target microorganisms within the microbiome. Once such
technologies are developed, it will be possible to generate on-demand microbiomes for functional analysis and control,

leading to the creation of a new academic field that could be called "synthetic ecology."

Acknowledgements

This research was conducted at Osaka University and Kansai University. | would like to express my sincere
gratitude to Professor Kohsuke Honda (Osaka University) and Professor Hiroaki lwaki (Kansai University), as well as
to the staff and students of Laboratory of Molecular Microbiology at International Center for Biotechnology, Osaka
University, and Laboratory of Environmental Microbial Engineering at the Faculty of Chemistry, Materials and
Bioengineering, Kansai University, for their tremendous support and cooperation.

Reference

Brief Biography

March 2004

March 2006

April 2008
March 2009

April 2009
April 2011
April 2022-

1. Good, L. et al. Nat. Biotechnol. 19, 360-364 (2001)

2. Hizume, T. et al. Front. Microbiol. 14, 1321428 (2024)
3. Tanaka, T. et al. Front. Microbiol. 15, 1403903 (2024)
4. Cheng, L. et al. Cell Rep. Methods 2, 100217 (2022)

B.S. in Department of Chemical Science and Engineering, Faculty of Engineering,
Kobe University

M.S. in Department of Chemical Science and Engineering, Graduate School of
Science and Technology, Kobe University

JSPS research fellow (DC2)

Ph.D. in Division of Molecular Science, Graduate School of Science and Technology,
Kobe University

Researcher, Central Research Laboratory, Nippon Suisan Kaisha Ltd.
Assistant Professor, Graduate School of Engineering, Osaka University

Associate Professor, Faculty of Chemistry, Materials and Bioengineering, Kansai
University

E-13





