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Research at Kobe

ATHEICKLDIBERORR : AMHOZIYVSI IV OZRREUTCEERRERET D

Vv
» 2022/03/25 » BIZHEAA I R—2 3 VHAKRL KR/ A ATEATREZ 5 —

BERERERERIZ M R—2 3 DRFEIDChristopher ). VavrickaE3i%. RREMAFIET FEOSBENEHN. EXEE - BF - RE
RIS AIRERR - EEMAR T Y —DORABZREIT I —R. R KZELN/ 1 ATEMRFTRE 5 —DEBHABIRSORFTRIIL—T(d. RABERR
REAO AR EF AT ILERMREL. ASITIESEUDIIB &I, EMBERERRREROMEMEECRIILELE. 5%, H4BH
Y&, HEEMSRM. ARIEZRON\AATOF 0> 3 UIERNAFEINET ., COMBRMEE. 3A16HIC. RERIFHMEE Nature Communications
(CBEENELUEZ,

RA> b

» ITEDERRENFDERICK D, MEYHRERRENOMENRBEENRFINTNS,
> IEEEER E UTA<EDNSBIAZEENRET 256, RHIRIRZEN I dBRO—ENRMTHDZENRECTH O,

> BERFREORMBEARICEIIT T, MHEEFHTETI/ILERREL. &5t (Design) -8 (Build) -57fi (Test) -#& (Learn) MDBTLD—2— 70—
[CHEUMSTTZ.

» KABER (ZyS 20U ) ZHERLU. KBEICKBBIALECRKRIILZ.

> KRR THFE UZAIX/ A ADFEE, e REERER., #EEMRV, FARCZROBSCISATETH D, RIFHEMNEO/N 1 ATO5Y 023>
ZBLTSD sA\OEMIEFCES,

HAROE=

HRDEZEMODZ  (FEWH SHBESNAEEMD SESNTNET, IS5 LEEY (EERER) (HBMROFEEN/D RN ENS. Ih
ZIFBDIEH(CIRRIEIRIBOTHENBZMKEE L, RN, FENLQEFAZEZ5 U TEHRLL, RODILAVF /U T7)LA0O« R (BIA) (3#E
BEDFEMEUTELEONTWEIN. IS UEEBEIAREEEDRFOREL/EDTVEL,

=73, )\AAFT OO —DiIEFOERGERF UL, iBMHRDOBERFEMEMCBAUTRESED T E(CLD. EYOREHEIRZHMEY(C
REL. TOCRHMEMMMESRVWVERMEBEZEE T D ENTEICIBRO TEH UL, IBENESEOMENERECIEEI DI LT, BRMERRERN
([CREELEESNDICH. LETIREORBDRENOBFHZEAT D CENTEFRY. IS UEFEFEREMENTTO-FLEON. A AFTD
JOP—(CLBDE/ DD U\AATOF I 3Y) OFFRELD TONET ., BIACBWTEZS L7 O—-FOERAMNBAFEINTOEIN &K
fiEREREN S D E LI,

WEM TBIAZEE S D ICIZHOBERRIEN 510 DRVREHEIEEZIBR T D2UENHDFIN . BMERERO—EH SN TN EHRE
TUle 2O 2y 20U 0] FEREMFNTTO-FICLD/N\AATOFI23>TUR USRI DMET. 1Bk, DFENZEEDF "
B EHNEMBEE U TERRTERVWT —INE<HDFE U, FARTIE. BRRIGEFRTDIHMFE7IILTUILZHEFEL. FRIF

EAYT 2 ETBIALRMICREMEROFER(CAINLE L. N
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HROHRE

ARAFT T (IRAERZIRR I DT2HIC, %5t (Design) . #BHE (Build) . 5l (Test) . F& (Learn) M5QABDBTLT—UTJO—ZHBELEK
Lz (B1) . CORLWVEETE, BRRZECRDEFREERET L. BFITRCIDBRMIBEREFER U, RBTHC K DEREEEZ T
U, HRFE(CLDERDORRZTVEYT. COYA DI ZRT LT, RARISZAMET DBREKDIAG. REHICIEFRERCVHZDERT,

h AAK(L, BRRGETAT 2EMEE 7L LEEFL, DBTLD—2J0—(C
“ TSOA2FTBTETHRRFUETILEREL, TNICLD. ALA1 RIBBEEDH]
EMAMEZHE (BIA) 4R IEREERRLUELL. FARDT LA OXIL—(F, %5
(Design) RF Y I DT —FIYRICHIZ. SHREEERTHIZICEEBI ST —FEFIBALT
e AIDFRETILEIITD ENS, WHEUTFILY A L©MEREEEBR UIESICHD. 2
BRI U S 0MRRCRDET,

@ o U 15 ou

Enzyme
prediction

Decigion Soore

Si&DRRERH

BN RICKDBIARELEZBIELUET . AARTHFELULAIX/ A ADFEG. HRLAREERER. HEEERM. FARZEROEE (1
ATO50232) [CERATDTENTRETHD. BIFFAMEOTOTRZEBL CSDGSADASREMNIRFcCEET.

e

AR (E, EIZAFBFEEAFT I ILF — - EEHSHEREEBOMRMR IO T U b MBS 0OEYE AU\ oEEEEREERMORMTE /#
EMIC L DEHBEREERIMFERE ] LU [H—ROUBA DILERRENRY D) A ABRBEREERMORFE /T — 5/ — /M5 DR
UY—XDRIH] OXEER T TRESNE U,

s TR Ek

S48V
“Machine learning discovery of missing links that mediate alternative branches to plant alkaloids”

DOI : 10.1038/s41467-022-28883-8

=5
Christopher J. Vavricka*, Shunsuke Takahashi*, Naoki Watanabe, Musashi Takenaka, Mami Matsuda, Takanobu Yoshida, Ryo Suzuki,
Hiromasa Kiyota, Jianyong Li, Hiromichi Minami, Jun Ishii, Kenji Tsuge, Michihiro Araki, Akihiko Kondo, Tomohisa Hasunuma (*equal
contribution)

BHES
Nature Communications
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Kobe University and QST develop method of converting carbohydrates to
fats and oils by breeding a new strain of microalgal biofuel

2021.07.01

The research group of Assistant Professor Yuichi Kato and Professor Tomohisa Hasunuma of the Kobe
University Engineering Biology Research Center, in collaboration with Senior Principal Researcher Katsuya
Satoh of National Institutes for Quantum and Radiological Science and Technology's Quantum Beam Science
Research Directorate Takasaki Advanced Radiation Research Institute , have succeeded in developing a
method to redistribute carbon resources in microalgae from carbohydrates into fats and oils.

Chlamydomonas, a type of microalgae, uses light energy to produce oil. It is expected that this oil will be able
to be used as a biofuel, but its low production volumes in outdoor cultures with a light/dark cycle was an issue
to be tackled.

Therefore, the research group independently bred the new sp/KOR1 Ch/famydomonas green algae mutant
strain, which produces large amounts of fats and oils even under periodic light and dark conditions, by
irradiating Chlamydomonas with an ion beam to induce mutations. KOR1 has disruptions in the starch
debranching enzyme gene ISAT, and it was found that this changed the carbohydrates produced by KOR1 from
starches to a degradable polysaccharide: phytoglycogen.

Starch debranching sneyma midan
KOR1

Carbohydrates (starch)

Lipids Carbohydrates (Phytoglreogen)

Electron micrograph of the oil producing Chlamydomonas sp.
Credit: Kobe University.

Normally, green algae cells increase synthesis of starch during light periods, while the starch degrades and
decreases during dark periods. Nonetheless, there is a great accumulation of starches that have not been
completely broken down. The phytoglycogen synthesized by KOR1 was completely degraded during dark
periods. This data suggests that in KOR1, the starch debranching enzyme gene was disrupted, and its
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Lipid production model created by disrupting the starch debranching enzyme in microalgae.
Credit: Kobe University.

Professor Hasunuma said, "In the future, we would like to search for factors that control oil production, identify
the rate-determining reaction for the oil-biosynthesis pathway, and conduct high oil production and mass
culture tests under outdoor conditions. In addition to biofuels, we will also work to increase the production of
bioplastics and functional materials."

mStarch debranching enzyme: A protein that cleaves the branched structure of starches. Functions not only to
break down starches, but also in synthesis to form an appropriate chemical structure.

mPhytoglycogen: Has a structure with more branches than starches. Intracellular enzymes are likely to act on it
and it is easily broken down because it is highly water-soluble.

Biology

This article has been translated by JST with permission from The Science News Ltd.(https://sci-news.co.jp/).
Unauthorized reproduction of the article and photographs is prohibited.
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Research at Kobe

Microalgae biofuels: Changing carbohydrates into lipids

v

» May 6, 2021 » Engineering Biology Research Center

A cross-institutional collaboration has developed a technique to repartition carbon resources from carbohydrates to lipids in
microalgae. It is hoped that this method can be applied to biofuel production. This discovery was the result of a collaboration between a
research group at Kobe University’s Engineering Biology Research Center consisting of Project Assistant Professor KATO Yuichi and
Professor HASUNUMA Tomohisa et al., and Senior Researcher SATOH Katsuya et al. at the Takasaki Advanced Radiation Research
Institute of the Quantum Beam Science Research Directorate (National institutes for Quantum and Radiological Science and
Technology).

These research results were published on April 9, 2021 in the international academic journal Communications Biology .

Main points

» Microalgae are highly capable of producing lipids by fixing atmospheric CO, via photosynthesis, making them promising candidates for
biofuel production.

» In light/dark conditions (i.e. day and night), the majority of microalgae’s carbon resources obtained from CO, are accumulated as
carbohydrates (starch). This makes it difficult to get microalgae to produce lipids.

» The researchers used ion beam mutagenesis to develop a strain of microalgae that can produce large amounts of lipids even under
light/dark conditions.

» In this microalgae mutant, the starch debranching enzyme gene was disrupted, causing it to produce phytoglycogen, which is easily
broken down. The carbon resources were then repartitioned from carbohydrate production to lipid production.

Research Background

Biofuels are renewable resources that have received much attention in the move towards creating more sustainable societies.
Microalgae are photosynthetic organisms that are highly capable of producing lipids from carbon dioxide in the atmosphere, making
them promising candidates for biofuel production. However, a Kobe University research group consisting of Project Assistant Professor
Kato Yuichi and Professor Hasunuma Tomohisa et al. discovered that the majority of carbon resources were diverted to starch
production instead of lipid production under light/dark conditions (i.e. day and night). This is a problem when cultivating microalgae
species outside.

Research Methodology
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For this research study, Project Assistant Professor Kato and Professor Hasunuma’s Kobe University research group collaborated with
Senior Researcher Satoh et al. at the National institutes for Quantum and Radiological Science and Technology (QST). The researchers
used the ion beam at QST’s Takasaki Advanced Radiation Research Institute to induce mutation in the microalgae. This enabled them to

cultivate a new mutant strain called Chlamydomonas sp. KOR1 1), which can produce large quantities of lipids even in light/dark
conditions.

The researchers discovered that this KOR1 strain has disruptions in the starch debranching enzyme (*2) gene ISA1, causing it to produce

a different carbohydrate: phytoglycogen (*3) instead of starch (Figure 1).

Wild strain Strain with debranching enzyme gene disruption
JSC4 KOR1

Carbohydrates (starch) Lipids Carbohydrates
(Phytoglycogen)

Figure 1: Electron microscope image of lipid production in the microalgae
Chlamydomonas sp.

Normally, microalgae synthesize and accumulate carbohydrates (starch) during light periods and break them down when it is dark.
However, many carbohydrates accumulate that cannot be completely broken down. Contrary to this, the carbohydrate synthesized by
KOR1 (phytoglycogen) was completely broken down during the dark period. The results of the KOR1 metabolome analysis (*4) revealed
a total increase in intermediate metabolites in both the starch and lipid synthesis pathways (intermediate metabolites included fructose-
6-phosphate, glucose-6-phosphate, acetyl-CoA and glycerol 3-phosphate). From this analysis, the researchers illuminated the metabolic
mechanism underlying the increased lipid production that resulted from ISA1 gene disruption. In the KOR1 strain, the carbohydrate
(phytoglycogen) was quickly broken down and intermediate metabolites subsequently induced the carbon resource to be repartitioned
to lipid production (Figure 2).
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Figure 2: Lipid production model created by disrupting the starch debranching
enzyme in microalgae.
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Further Developments

In order to produce biofuels using microalgae, it is necessary to cultivate these organisms outside in the sunlight. However, there is an
unavoidable decrease in lipid production under these light/dark conditions. The technique of ‘repartitioning carbon resources by
disrupting the starch debranching enzyme gene’ developed through this research is one answer to this problem. It is hoped that this
new method can contribute towards the large-scale implementation of biofuel production using microalgae.

Glossary

¥1 Chlamydomonas sp. KOR1
Using the microalgae Chlamydomonas sp. 1SC4 (isolated from brackish waters in Taiwan) as the parental strain, KOR1 is a mutant
obtained via ion beam mutagenesis (*>). It can be cultivated in either freshwater or saltwater. With its ability to break down

carbohydrates and convert them into lipids, it has both a high proliferation rate and a high lipid accumulation rate, demonstrating
highly efficient lipid production.

%2 Starch debranching enzyme
Protein that slices through starch’s branch structure. It not only breaks down starch but also creates appropriate structures for
synthesis.

%3 Phytoglycogen
Phytoglycogen has a highly branched structure compared to starch. It is also highly soluble in water, which means that it is easily
broken down and is easy for intercellular enzymes to use.

%4 Metabolome analysis
A method of comprehensively analyzing ionic small molecules in a sample using CE-TOFMS (Capillary electrophoresis-time of flight
mass spectrometry) apparatus.

%5 Ion beam mutagenesis
This involves hitting cells in a plant or microorganism with the accelerated ion molecules of various atoms (such as carbon) at tenths
of the speed of light using a particle accelerator. This irradiation technique alters DNA, thus making it possible to create a breed with
useful characteristics.
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Related links

» Engineering Biology Research Center
[Article] » Successful method yielding high rate of D-lactate using cyanobacteria could revolutionize bioplastic production
[Article] » Novel protein positioning technique improves functionality of yeast cells
[Article] » Success in metabolically engineering marine algae to synthesize valuable antioxidant astaxanthin

[Article] » Fe metabolic engineering method succeeds in producing 1,2,4-butanetriol sustainably from biomass
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Microalgae biofuels: Changing carbohydrates into lipids

Peer-Reviewed Publication
KOBE UNIVERSITY

A cross-institutional collaboration has developed a technique to repartition carbon resources
from carbohydrates to lipids in microalgae. It is hoped that this method can be applied to

Wild sirain

biofuel production. This discovery was the result of a collaboration between a research group
at Kobe University's Engineering Biology Research Center consisting of Project Assistant
Professor KATO Yuichi and Professor HASUNUMA Tomohisa et al., and Senior Researcher
SATOH Katsuya et al. at the Takasaki Advanced Radiation Research Institute of the Quantum
Beam Science Research Directorate (National institutes for Quantum and Radiological Science
and Technology).

These research results were published on April 9, 2021 in the international academic journal

i . . Carbohydrates (starch) Lipids Carbohydrates
Communications BIOIOgy. (Phytoglycogen)

Main Points

IMAGE: ELECTRON MICROSCOPE IMAGE OF LIPID

* Microalgae are highly capable of producing lipids by fixing atmospheric CO, via
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photosynthesis, making them promising candidates for biofuel production. &LT1&GT-CHLAMYDOMONAS&LT:/I&GT: SP. view
* In light/dark conditions (i.e. day and night), the majority of microalgae's carbon more >
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difficult to get microalgae to produce lipids.

* The researchers used ion beam mutagenesis to develop a strain of microalgae that can
produce large amounts of lipids even under light/dark conditions.

* In this microalgae mutant, the starch debranching enzyme gene was disrupted, causing it to produce phytoglycogen, which is easily
broken down. The carbon resources were then repartitioned from carbohydrate production to lipid production.

Research Background

Biofuels are renewable resources that have received much attention in the move towards creating more sustainable societies. Microalgae are
photosynthetic organisms that are highly capable of producing lipids from carbon dioxide in the atmosphere, making them promising
candidates for biofuel production. However, a Kobe University research group consisting of Project Assistant Professor Kato Yuichi and
Professor Hasunuma Tomohisa et al. discovered that the majority of carbon resources were diverted to starch production instead of lipid
production under light/dark conditions (i.e. day and night). This is a problem when cultivating microalgae species outside.

Research Methodology

For this research study, Project Assistant Professor Kato and Professor Hasunuma's Kobe University research group collaborated with Senior
Researcher Satoh et al. at the National institutes for Quantum and Radiological Science and Technology (QST). The researchers used the ion
beam at QST's Takasaki Advanced Radiation Research Institute to induce mutation in the microalgae. This enabled them to cultivate a new
mutant strain called Chlamydomonas sp. KOR1 (*1), which can produce large quantities of lipids even in light/dark conditions.

The researchers discovered that this KOR1 strain has disruptions in the starch debranching enzyme (*2) gene ISA1, causing it to produce a
different carbohydrate: phytoglycogen (*3) instead of starch (Figure 1).

Normally, microalgae synthesize and accumulate carbohydrates (starch) during light periods and break them down when it is dark. However,
many carbohydrates accumulate that cannot be completely broken down. Contrary to this, the carbohydrate synthesized by KOR1
(phytoglycogen) was completely broken down during the dark period. The results of the KOR1 metabolome analysis (*4) revealed a total
increase in intermediate metabolites in both the starch and lipid synthesis pathways (intermediate metabolites included fructose-6-phosphate,
glucose-6-phosphate, acetyl-CoA and glycerol 3-phosphate). From this analysis, the researchers illuminated the metabolic mechanism
underlying the increased lipid production that resulted from ISA1 gene disruption. In the KOR1 strain, the carbohydrate (phytoglycogen) was
quickly broken down and intermediate metabolites subsequently induced the carbon resource to be repartitioned to lipid production (Figure 2).

Further Developments

In order to produce biofuels using microalgae, it is necessary to cultivate these organisms outside in the sunlight. However, there is an
unavoidable decrease in lipid production under these light/dark conditions. The technique of 'repartitioning carbon resources by disrupting the
starch debranching enzyme gene' developed through this research is one answer to this problem. It is hoped that this new method can
contribute towards the large-scale implementation of biofuel production using microalgae.
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Glossary

1. Chlamydomonas sp. KOR1: Using the microalgae Chlamydomonas sp. JSC4 (isolated from brackish waters in Taiwan) as the parental strain,
KOR1 is a mutant obtained via ion beam mutagenesis (*5). It can be cultivated in either freshwater or saltwater. With its ability to break down
carbohydrates and convert them into lipids, it has both a high proliferation rate and a high lipid accumulation rate, demonstrating highly
efficient lipid production.

2. Starch debranching enzyme: Protein that slices through starch's branch structure. It not only breaks down starch but also creates
appropriate structures for synthesis.

3. Phytoglycogen: Phytoglycogen has a highly branched structure compared to starch. It is also highly soluble in water, which means that it is
easily broken down and is easy for intercellular enzymes to use.

4. Metabolome analysis: A method of comprehensively analyzing ionic small molecules in a sample using CE-TOFMS (Capillary electrophoresis-
time of flight mass spectrometry) apparatus.

5. lon beam mutagenesis: This involves hitting cells in a plant or microorganism with the accelerated ion molecules of various atoms (such as
carbon) at tenths of the speed of light using a particle accelerator. This irradiation technique alters DNA, thus making it possible to create a
breed with useful characteristics.
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Behind the Paper
Microalgae biofuel: Transforming carbohydrate into oil

Microalgae prefer to accumulate carbohydrates instead of lipids during natural light and dark cycles. This barrier in oil production was overcome by engineering a structural change
in stored carbohydrate, resulting in production of phytoglycogen that could then be more easily converted to lipid.

Yuichi Kato

Assistant professor, Kobe University
Follow

Published Apr 27, 2021

Like Comment

Share
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Share

e Facebook
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e LinkedIn

Copy the link

https://go.nature.com/3xu0Fi
Read the Paper

Outdoor photoautotrophic cultivation using sunlight is desirable for microalgae biofuel production. However, with the complex environmental conditions of outdoor experiments,
one of the biggest challenges is that results are often difficult to reproduce. We faced this problem while developing a lipid production method for the oleaginous green alga
Chlamydomonas sp. 15C41. When JSC4 was experimentally cultured in outdoor raceway ponds, the microalga accumulated less lipid compared to that of laboratory conditions, and
instead, carbohydrate highly accumulated in the cells. After investigating further, we found that one cause for the shift in metabolism is light/dark cycling2. In an attempt to
engineering metabolism for improved biofuel production, we performed mutational breeding using 3SC4, where carbon ion beam-coupled mutagenesis was performed by Y. Oono
and K. Satoh, and salt-resistant strains were successfully obtained3. Based on these experiments, and light/dark-conditioned screenings, we developed the lipid-rich mutant KOR1
with improved outdoor lipid production ability.

In order to understand the lipid accumulation mechanism of KOR1, we conducted whole genome sequencing. A large number of mutations were detected in KOR1, which made it
very difficult to determine the most important mutations underlying the high lipid accumulation during light/dark cycling. At first, we considered KOR1 as a simple starch-less strain
since the carbohydrate content was very low, with no significant mutations detected in genes responsible for starch synthesis.

To search for more clues into the lipid accumulation, we performed transmission electron microscope (TEM) analysis. As predicted, no starch granules were observed in KOR1. Yet,
when looking at the TEM images of KOR1 cells carefully, we found many small particles that resemble cyanobacterial glycogen granules. Furthermore, we found KOR1 carries
significant mutations in an isoamylase-type starch debranching enzyme (DBE) gene, whose deficiency in plants was reported to cause structural changes in insoluble starch into a
highly branched and water-soluble polysaccharide, called phytoglycogen. In addition, a striking fluctuation in KOR1 carbohydrate content was observed in response to light/dark
cycles, suggesting enhanced carbohydrate turnover in KOR1. These facts led us to the idea that, through enhanced repartitioning of carbon resource from carbohydrate, disruption
of DBE promotes lipid accumulation during light/dark cycling. These findings are reported in our recent paper published in Communications Biology#. See details in
https://www.nature.com/articles/s42003-021-01976-8.
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Long-chain hydrocarbons from carbon dioxide using_polarized nickel electrocatalysts

Until now, only copper catalysts possessed a distinctive feature: the ability to form multicarbon products at appreciable rates. Copper is not alone anymore. We discovered that
polarized nickel enables C1 to C6 hydrocarbons via a Fischer-Tropsch-like mechanism with selectivities up to 6.5% for C3+.
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