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1. Current status and issues of cell evaluation technology

"Cell evaluation technology" is a core technology used for cell breeding technologies, differentiation induction technologies
from stem cells to target cells, and technologies for the synthesis of artificial cells using a synthetic biological approach.
However, it requires a lot of time and labor. For example, in order to evaluate the phenotype of useful material-producing
bacteria, the useful material-producing bacteria that have been bred need to be batch-cultured, and the useful materials
produced by the bacteria are extracted and quantitated. Therefore, the complicated work associated with cell culture time
and quantitation is the rate-limiting factor for breeding. In addition, the existing cell evaluation technologies include
fluorescent protein expression, antibody staining, etc. The majority of these methods require a process that modifies or
destructs cells. There are few methods that evaluate the properties of living cells in a non-destructive and comprehensive
manner. Moreover, the existing cell evaluation methods evaluate the average phenotype of a cell population. Accordingly,
the phenotype of cells with some different traits that appear in association with proliferation and differentiation is
overlooked. In order to select the target cells only from a heterogeneous cell population, a method that can evaluate the
phenotype of each cell is required.

2. Development of a non-destructive method for cell evaluation at the single cell level

using autofluorescence

Therefore, we have recently developed an innovative cell evaluation technology, the confocal reflection microscopy-
assisted single-cell innate fluorescence (CRIF) method, which can identify cells "non-destructively" at the "single cell level"
and estimate the cell's metabolic status, using a cellular autofluorescence pattern as the index.!

Intracellular proteins and metabolites emit autofluorescence of various wavelengths and intensities. The autofluorescence
pattern, which is formed by the synthesis of respective autofluorescence, functions as a "fingerprint" that expresses the
properties of each cell. In the CRIF method, information on cell position and morphology is obtained by reflection
microscopy, and cellular autofluorescence information is obtained by confocal laser microscopy.23 Then, by performing
image analysis for each cell, the CRIF systematically and comprehensively extracts autofluorescence information for each
cell, and reconstructs the information as an autofluorescence pattern. Thus, a "cell's fingerprint" that identifies each cell
can be obtained. Moreover, it has been clarified that the application of the "cells' fingerprints" to various types of machine
learning enables the construction of a machine learning model that reflects each cell's underlying characteristics in the
autofluorescence pattern, and also enables the high-accuracy identification of cell types and the prediction of the metabolic
state (Fig. 1). Previous studies allowed the identification of cells at different growth stages and the discrimination of
Pseudomonas aeruginosa and Escherichia coli cells with a single gene mutation (Fig. 2).
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3. Future prospects

The CRIF method, which can identify "cells' fingerprints" having almost infinite variations, has a potential to identify dozens
(even hundreds, in principle) of cell types and metabolic status. In addition, since this is a simple method that can analyze
the properties of intact living cells at the single cell level, it can be the key technology that improves the efficiency of the cell
property evaluation, which is essential for cell breeding technologies, stem cell differentiation induction technologies, and
technologies for the synthesis of artificial cells in various fields. At present, we are developing a technology for efficiently
separating target cells after evaluating the properties of cells by the CRIF method, aiming at practical application of the CRIF
method in screening. In addition, in cooperation with a Japanese microscope manufacturer, we are also developing a high
throughput screening system that can perform a series of processes in the CRIF method (i.e., microscopic observation,
extraction of cells' fingerprints, and evaluation of cell properties by machine learning). We aim to establish the CRIF method
as a highly versatile cell evaluation technology so that it can be utilized in a wide variety of fields from basic research on, for
example, microbial, plant and animal cell breeding, to applied research on, for example, regenerative medicine, in the
future.
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What is the Smartcell Project?

= Technology Introduction

What This Technology Enables

This technology allows the extraction of useful knowledge for microbial development from literature and public data
on smart cells, which enables the proposal of the next step to improve the current design, such as promising gene
modifications or enzyme genes for increasing productivity.

Example of Application | U

Introduction to This Technology

The "Learn" process in the Design-Build-Test-Learn (DBTL) cycle of the smart cell development, i.e., the interpretation of
various data/models, and the following process of creating the design hypothesis based on them, relies on the background
of personal knowledge and on manual literature/database searches and surveys. Such a knowledge acquisition process
dependent on individual skills is a rate limiting factor in the smart cell development, which interferes with systematic
accumulation/discovery/reuse of knowledge, and poses a major issue to be resolved technically. For example, the metabolic
pathway design, metabolism model construction and optimization, and search for enzyme genes and modification
candidate genes largely depend on knowledge extraction from the existing literature and database information. In many
cases, existing databases on metabolic pathways and enzyme reactions do not contain sufficient information necessary for
smart cell development. Therefore, there was plenty of room for reconsideration regarding the extraction of literature
knowledge for smart cell development. In addition, with the recent development of machine learning and artificial
intelligence (Al) technologies, it has become possible to extract new knowledge and patterns from existing data, and such
technologies are expected to become applicable. Under these circumstances, this project works on the development of a
knowledge base from the literature that supports metabolism and enzyme design proposals and the development of a
machine learning technology focusing on enzyme gene search.

(1) Knowledge base development

In order to organize the individually acquired knowledge on microbial design and systematize it in a reusable form, we
developed a technology to organize and accumulate the design history of microbial strains and the genetic modification
content of each strain associated with the design history, in terms of information on purpose, means, and rationale. The
"visualization" of the accumulated knowledge in a tree form along the modification history allows an overview of the entire
design data to date and utilization of the data to inspire new hypotheses. In addition, based on the accumulated and
systematized design history, the system calls up the associated knowledge extraction technologies, and presents useful
information that leads to design improvement.
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Figure 1 Knowledge base for supporting smart cell design

The knowledge extraction technology consists of smart cell literature automatic collection technology and promising gene
recommendation technology. The former technology identifies characteristics of literature related to metabolism design

and gene modification by natural language processing and literature search technology, and widely collects useful literature

information for smart cell design. The latter technology extracts and proposes genetic modifications deeply related to the
previous metabolism design/gene modifications from the collected literature information. These technologies allow the
collection of literature information related to the design from existing strain designs accumulated in the knowledge base,
and the proposal of gene modifications to be added to the current design. As a result, it can be expected to run the DBTL
cycle more efficiently and reduce the number of processes required to create the desired smart cell.

Figure 2 Gene modification proposals from literature information based on design history

(2) Enzymatic reaction data learning and activity estimation model

In each metabolic pathway created through a metabolism design process, multiple estimated enzyme gene candidates
appear, regardless of whether they are unknown or known. Therefore, the selection of enzyme genes is an important
challenge for actually constructing a metabolic pathway. This technology works as follows: First, it digitalizes the chemical
structure and enzyme amino acid sequence of a substrate/product, and determines whether the enzyme regulates the
reaction positively or negatively; then, it gives a score to test data having a new combination of a substrate/product and
enzyme amino acid sequence, in order to determine whether it is positive or negative. Along with the conventional
procedures for the machine learning and deep learning base, we also work on improving models by incorporating
substantiation and verification data.

For example, we have developed a technology that provides guidance for enzyme gene selection by comparing the
distribution of results judged by the machine learning method (Fig. 3). We also developed a technologyz) for searching new
metabolic pathways by predicting chemical structures possibly occurring after known and unknown enzymatic reactions,
using a deep generative model that has learned the chemical structures of substrates/products (Fig. 4).
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Figure 3 Learning based on enzyme reaction data and development of activity estimation model

Figure 4 Search technology for new metabolic pathways using deep generative models
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What is the Smartcell Project?

= Individual Technology

Abstract

The efficiency of any DNA assembly reaction is incomplete. Through genome editing, we have established a
technology to selectively label and isolate only microbial cell clones having the desired reaction product after DNA
assembly reactions.

Research Contents

Since the efficiency of any DNA assembly reaction is incomplete, the assembly reaction products require cloning through
transduction into microbial cells and the evaluation by DNA sequencing. Consequently, samples obtained from reactions
with lower efficiency require a larger number of clones for the evaluation, and this process becomes a bottleneck. We have
established a selective clone isolation technology, which is as follows: after molecular DNA barcoding of assembly reaction
products, the reaction product pool is analyzed all at once using the en masse sequencing technology, and then cells having
the target reaction product are labeled and isolated in a DNA barcode-dependent manner by genome editing. This
technology accelerates the throughput of the conventional DNA assembly process by 1000-fold.

Strengths in the Industrial Arena

The construction ("Build" process) of long-chain DNA is the key component of the DBTL cycle. Without accelerating this
process, the scale of useful microbial production processes cannot be expanded. Until recently, there was no method for
efficiently obtaining the target DNA assembly product after DNA assembly. Due to this limitation, although efforts had been
made to improve the efficiency of the DNA assembly itself, there was no method to substantially accelerate the "Build"
process for various cases of DNA assembly. This technology resolves this situation.
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