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Abstract

This review outlines two technologies contributing to carbon neutrality: (1) efficiently converting
atmospheric and oceanic carbon dioxide (CO,) into organic matter by improving the carbon-fixation
capacity of plants and algae, and (2) reducing CO; emissions from soil by controlling the organic-matter

decomposition induced by microorganisms.
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1. Three strategies to reduce atmospheric
CO; level

The absorption and emission of carbon dioxide
(CO2) occur through biological activities, and their
balance significantly impacts the atmospheric CO»
level on Earth (Fig. 1). Compared with the total
amount of CO» emissions to the atmosphere, the
amount of CO; absorption by land plants for photo-
synthesis*! and by the ocean is 57.7 and 34.6%,
respectively [1], whereas the amount of CO> emis-
sions from soil accounts for 61.3%. NTT Space Envi-
ronment and Energy Laboratories is developing three
technologies to (1) reduce atmospheric CO; with a
focus on plants, (2) reduce oceanic CO; with a focus
on the food chain between algae and fish/shellfish,
and (3) control CO emissions from soil with a focus
on organic-matter decomposition induced by micro-
organismes.

2. Conversion technology for atmospheric and
oceanic CO;

Plants and algae absorb CO; from the surrounding
environment into their bodies and synthesize organic
matter from CO; by using light energy (i.e., carbon
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fixation) for their growth. The enhancement of the
CO; fixation capacity in these organisms has the
potential to accelerate their growth and CO; absorp-
tion, ultimately contributing to a reduced level of
atmospheric and oceanic CO;. This section intro-
duces research on reducing atmospheric and oceanic
CO; levels by enhancing the carbon-fixation capacity
in plants and algae.

2.1 Conversion technology for atmospheric CO;
focusing on plant photosynthesis

Plants in nature are exposed to not only favorable
conditions but unfavorable ones such as high tem-
peratures, drought, and water lodging. To enhance the
carbon-fixation capacity of plants, it would be effec-
tive to increase the CO, assimilation amount per unit
time, lengthen the period of carbon fixation, and sta-
bilize carbon fixation under unfavorable conditions.
One promising pathway toward these goals is to
reveal the genes involved in each biological process
then modify the gene functions by genetic engineer-
ing. Here, we consider a case aimed at increasing the
CO, assimilation rate as an example. The whole

*1 Photosynthesis: A biochemical reaction in plants and algae that
synthesizes organic compounds from CO; using light energy.
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Fig. 1. The overall picture of global CO> flux.

process of CO; assimilation by plants can be mainly
divided into two processes: the CO, diffusion process
from the atmosphere to the chloroplast stroma and the
CO;, fixation process consisting of various biochemi-
cal reactions at the chloroplasts. Previous studies
have revealed the genes functioning in the regulation
of both processes. Modification of those genes by
genetic engineering was reported to increase the CO»
assimilation rate. On the other hand, most studies
have been conducted under fully controlled condi-
tions in a laboratory environment, while only a few
have demonstrated reproducibility in the field. The
genes that have been validated are only a small part of
a vast number of genes in plants, indicating that most
genes are untapped for enhancing carbon-fixation
capacity.

To enhance the carbon-fixation capacity of plants,
we are planning to (1) select target genes, (2) improve
genetic engineering tools, and (3) develop genetically
modified plants with target genes and assess their
carbon-fixation capacity. First, we have selected tar-
get genes with the potential to enhance carbon-fixa-
tion capacity considering previous studies and our
own experiments. We focus on genome-editing tech-
nology*? as a genetic engineering tool, for modifying
the target genes in plants without genetic recombina-
tion. We aim to improve the accuracy and efficiency
of applying this technology to plants, while establish-
ing a novel technique for genome editing. We are also
developing a plant-cultivation system that can evalu-
ate both environmental conditions and plant pheno-
types such as growth and CO; assimilation rate in the
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same time sequences, making it possible to quantify
the impact of genome editing on the carbon-fixation
capacity in plants. In the future, we will expand the
experimental conditions to field environments and
apply the obtained knowledge to woody and crop
plants. This could lead to the development of plants
with a great ability for carbon fixation and food pro-
duction.

2.2 Conversion technology for oceanic CO; focus-
ing on food chains

To enhance the carbon-fixation capacity in algae,
we are planning to select target genes, develop
genome-edited algae, and evaluate their carbon-fixa-
tion capacity. Algae have a short growth cycle, which
makes them unable to keep organic matter produced
by photosynthesis in their body for long periods. It
would be, thus, important for the carbon fixed by
algae to accumulate in other living organisms with a
long growth cycle for reducing oceanic CO> levels.
To achieve this, we are focusing on the food chain
between algae and fish/shellfish in the ocean [2]. The
carbon fixed by algae is delivered and deposited into
the bodies of fish and shellfish through the food
chain. We are planning to apply genome-editing tech-
nology to algae to increase the carbon-fixation capac-
ity and growth rate, and to fish and shellfish to
increase the growth rate and deposited carbon amount
in shells and cartilage (Fig. 2) in collaboration with

*2  Genome-editing technology: Technology to modify targeted base
sequences on the genome of an organism.
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Fig. 2. Demonstrative model of oceanic CO2 reduction by applying genome-editing technology to algae and fish/shellfish.

Regional Fish Institute, Ltd. This has the potential to
increase and prolong carbon fixation using the syner-
gistic effect between algae and fish/shellfish. We
have been examining the optimal combination of
algae and fish/shellfish and favorable feeding condi-
tions by using a land-based aquaculture system. This
system allows us to conduct experiments using
genome-edited organisms without the risk of them
leaking into the marine ecosystem. In the future, we
will apply genome-editing technology to a single
optimal combination of algae and fish/shellfish then
test whether it is effective for reducing oceanic CO,
levels.

3. Control technology of CO; emissions
from soil

Various types of organic matter, such as animal
waste, dead leaves, and plant roots, accumulate in
soil. This organic matter is decomposed into inor-
ganic matter by living organisms, and the inorganic
matter is taken up by plants for synthesis into organic
matter. Through this biogeochemical cycle, CO; is
generated mainly during organic-matter decomposi-
tion induced by microorganisms in soil (Fig. 3).
Therefore, controlling organic-matter decomposition
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can lead to technology for reducing CO> emissions
from soil. This section introduces research on reduc-
ing CO; emissions from soil by controlling organic-
matter decomposition.

To reduce CO> emissions from soil by controlling
organic-matter decomposition, the following ques-
tion needs to be answered; “how much organic matter
is decomposed and by which factors, causing CO> to
be emitted from soil?”” Soil is characterized by three
aspects, biological characteristics (the type and num-
ber of organisms), chemical characteristics (the type
and amount of chemicals), and physical characteris-
tics (hardness and breathability), and these affect the
organic-matter decomposition while interacting with
each other. When plants grow in soil, they show high
photosynthetic activity under rich nutrient conditions
and secrete organic matter from their roots into the
soil. Soil characteristics and plant growth also affect
organic-matter decomposition through their interac-
tions. In addition, soil characteristics and plant
growth are affected by environmental conditions
such as temperature and water content. Overall, it
would be essential to clarify the relationship between
CO; emissions and soil characteristics, plant growth,
and environmental conditions to develop technology
to reduce CO; emissions from soil.
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Fig. 3. CO2 emissions from soil through organic-matter decomposition.

To develop such technology, we are planning to (1)
obtain and analyze a large-scale dataset including soil
characteristics, plant growth and photosynthetic
activity, environmental conditions, and soil CO;
emissions then (2) develop a mathematical model
simulating the soil CO> emission process. We are cur-
rently developing a system that enables high-
throughput collection of the dataset by using infor-
mation and communication technology and Internet
of Things (IoT) for plant cultivation and various
measurements. The soil CO2 emission process has a
complex network structure in which various factors
interact with each other. Analyzing the obtained data-
set by using artificial intelligence technology, we will
attempt to obtain a picture of the network and eluci-
date the mechanism underlying soil CO, emissions.
This would enable mathematical modeling of the
CO; emission process through organic-matter
decomposition and clarify the conditions required for
reducing soil CO; emissions under given environ-
ments. These achievements might contribute to the
development of technologies for agricultural produc-
tion and forest management with reduced environ-
mental impact.

It is important to develop technology that both
reduces soil CO> emissions and maintains plant
growth suitable for agricultural and forest ecosys-
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tems. While CO» is generated through the decompo-
sition of organic matter into inorganic matter in soil,
plants uptake inorganic matter such as inorganic
nitrogen"3, a major nitrogen source, for their growth.
A reduced amount or decomposition of organic mat-
ter in soil could reduce CO; emissions but inhibit
plant growth. One pathway to balancing soil CO3
emission and plant growth is to control the microor-
ganism activity so that CO2 generation through
organic-matter decomposition declines. However,
this is very challenging because there are a huge num-
ber and variety of microorganisms in soil, and the
ecology of most microorganisms remains unknown.
Another pathway is to develop plants showing a high
availability of organic nitrogen**. Several plants spe-
cies have been reported to uptake organic nitrogen for
their growth, and there is an interspecific variation in
them, but the underlying mechanisms are largely
unknown. We are currently searching for the genes
involved in the uptake of organic nitrogen by plants.
In the future, we will develop plants that show vigor-
ous growth even under low inorganic-nitrogen levels

*3  Inorganic nitrogen: A general term for nitrogen compounds con-
taining no carbon, such as ammonium nitrogen, nitrite nitrogen,
and nitrate nitrogen.

*4 Organic nitrogen: A general term for nitrogen compounds con-
taining carbon, such as proteins, peptides, and amino acids.
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by applying genome editing to identified genes. This
has the potential to achieve crop production with a
low supply level of chemical fertilizer including inor-
ganic nitrogen, which is important in terms of saving
resources and preventing environmental pollution.

4. Future perspectives

In this article, we outlined the technologies we are
developing for CO> conversion and emission control.
For CO» conversion technology to be practical, it
needs to be provided as a packaged technology con-
sidering the use or storage of the produced organic
matter. We are developing packaged technology for
CO; conversion and utilization in algae focusing on
the food chain in the ocean, and a similar attempt will
be carried out for plants. Controlling the organic-

matter decomposition in soil is key for CO,-emission
control technology but must be compatible with the
activities of living organisms in ecosystems. Under
this context, we are planning to construct a simulation
model to assess the impact of controlling organic-
matter decomposition on the entire ecosystem. We
will promote the practical use of these technologies to
achieve carbon neutrality while preserving the envi-
ronment, food production, and biodiversity.
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