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1
ALGA IN WHICH PRODUCTION OF
PHOTOSYNTHETIC PRODUCTS IS
IMPROVED, AND USE FOR SAID ALGA

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is the U.S. national phase, pursuant to 35
U.S.C. §371, of PCT international application Ser. No. PCT/
JP2011/069501, filed Aug. 29, 2011, designating the United
States and published in Japanese on Mar. 8, 2012 as publica-
tion W02012/029727.PCT/JP2011/069501 claims priority to
Japanese Patent Application Ser. No. 2010-194210, filed
Aug. 31, 2010. The entire contents of the aforementioned
patent applications are incorporated herein by reference.

SEQUENCE LISTING

The instant application contains a Sequence Listing which
has been submitted in ASCII format via EFS-Web and is
hereby incorporated by reference in its entirety. Said ASCII
copy, created on Feb. 14, 2013, is named 92343 ;. ,-
Sequence_Listing ST25.txt and is 28,357 bytes in size.

TECHNICAL FIELD

The present invention relates to (i) an alga in which pro-
ductivity of a photosynthate is increased and (ii) use of the
alga. Specifically, the present invention relates to (i) an alga in
which productivity of a photosynthate is increased, (ii) a
method for producing the alga, and (iii) a method for produc-
ing biomass with the use of the alga.

BACKGROUND ART

Biomass-derived fuels, i.e., so-called biofuels (e.g., bioet-
hanol, biodiesel etc.) are expected as alternatives to fossil
fuels.

Biomass is a raw material for a biofuel, and encompasses
oils and fats, saccharides (including starch), or the like. Bio-
mass is produced as a result of photosynthesis of plants.
Accordingly, plants that are capable of vigorously photosyn-
thesizing and accumulating oils and fats, or saccharides in
their cells can be used as means for producing biomass.
Currently, corn and soybean are mainly used for production
of' biomass. However, corn and soybean are also consumed as
food and feed. In consequence, price increment for food and
feed due to rapid increase in biofuel production is becoming
problems.

In view of the circumstance, biomass production using an
alga is attracting attention as biomass production means alter-
native to corn and soybean (see, for example, Patent Litera-
ture 1 and Patent Literature 2). Biomass production using an
alga has, for example, advantages of not conflicting with food
and feed production and enabling mass propagation.

For example, mutants of Chlamydomonas, which is a kind
ofalga, such as a cell-wall-deficient mutant and a mutant with
a thin cell wall (e.g., cw15, cw92) are known. Such mutants
have properties convenient for introduction of DNA into cells
from an outside, and are therefore widely used in gene intro-
duction experiments. Further, since cells of such mutants are
easy to break, contents in the cells are easy to collect. This
leads to increased productivity of biomass. In view of these
advantages, studies on biomass production using such
mutants are reported. For example, Patent Literature 3
describes a technique of producing oils and fats by using a
cell-wall-deficient Chlamydomonas mutant. Non-Patent Lit-
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2

erature 1 reports that a Chlamydomonas which suffers from a
starch synthesis gene deficiency in addition to the cell wall
mutation (cw15) releases oil droplets made of oils and fats out
of'its cells. Non-Patent Literature 2 reports that productivity
of oils and fats is increased by breaking a starch synthesis
gene of the cell wall mutant (cwl5) of Chlamydomonas.
Non-Patent Literature 3 is known as a report about mutation
of Chlamydomonas cell walls.

Further, Patent Literature 4 reports a technique of (i) pro-
ducing starch with the use of chlorella, which is a kind of alga,
(ii) releasing the starch out of cells, and (iii) then carrying out
ethanol fermentation with the starch.
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SUMMARY OF INVENTION
Technical Problem

However, the above biomass production techniques using
an alga have a problem in terms of productivity. For example,
in a case where biomass is produced by cultivating an alga
under a heterotrophic condition with the use of a carbon
source such as acetic acid, a nutrient restriction step such as a
step of creating a nitrogen-starved state is required for induc-
ing the alga to produce and accumulate biomass. In general,
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an alga is grown in a culture solution containing nitrogen, and
therefore, in order to create a nitrogen-starved state, the cul-
ture solution containing nitrogen needs to be replaced with a
nitrogen-free culture solution. This undesirably complicates
a biomass production procedure and causes a decline in pro-
ductivity and an increase in cost.

The present invention was accomplished in view of the
above conventional problems, and an object of the present
invention is to provide (i) an alga that can be increased in
productivity of biomass without the need for a nutrient
restriction step and (ii) use thereof.

Solution to Problem

As a result of various studies mainly aiming for solution of
the above problems, the inventors of the present invention
found that artificially increasing glutathione concentration in
a chloroplast of an alga can increase productivity of biomass
in a cell of the alga without the need for a nutrient restriction
step such as a step of creating a nitrogen-starved state. Based
on this finding, the inventors of the present invention accom-
plished the present invention.

That is, an alga of the present invention has an increased
glutathione concentration in its chloroplast.

A method of the present invention for producing an alga is
a method for producing the aforementioned alga which
method includes the step of increasing a glutathione concen-
tration in a chloroplast of the alga.

A method of the present invention for producing biomass is
amethod for producing biomass with the use ofthe alga of the
present invention or an alga produced by the method of the
present invention for producing an alga.

A method of the present invention for producing biomass
includes the step of cultivating an alga in the presence of a
substance for increasing a glutathione concentration in a
chloroplast of the alga.

Advantageous Effects of Invention

The alga of the present invention has an increased glu-
tathione concentration in a chloroplast of the alga. This allows
an increase in productivity of a photosynthate in a cell of the
alga without the need to create a nitrogen-starved state.
Accordingly, use of the alga of the present invention makes it
unnecessary to make exchange for a nitrogen-free culture
solution for inducing accumulation of a photosynthate. That
is, according to the present invention, it is possible to easily
and efficiently induce accumulation of a photosynthate. As a
consequence, according to the method of the present inven-
tion for producing biomass, it is possible to produce biomass
from an alga more efficiently at lower cost as compared with
a conventional art.

Additional objects, advantages and novel features of the
invention will be set forth in part in the description which
follows, and in part will become apparent to those skilled in
the art upon examination of the following or may be learned
by practice of the invention.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows a result of analysis of a growth capacity and
a starch production capacity of the GSH1 overexpressing
strain produced in Example 1, (a) of FIG. 1 is a graph showing
the growth capacities of respective GSH1 overexpressing
strains, (b) of FIG. 1 is a view showing states of respective
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culture solutions 309 hours after start of culturing, and (¢) of
FIG. 1 is a view showing a result of iodostarch reaction in
Sample 4.

FIG. 2 shows a result of analysis of a growth capacity and
a starch production capacity of a parent strain (wild-type
strain), (a) of FIG. 2 is a graph showing growth capacities of
respective parent strains (wild-type strains), and (b) of FIG. 2
is a view showing states of respective culture solutions 215
hours after start of culturing.

FIG. 3 shows a result of analysis of a state of the parent
strain (wild-type strain) of Sample 8, (a) of FIG. 3 is a histo-
gram for cells (particles) exhibiting chlorophyll fluorescence
in the parent strain (wild-type strain) of Sample 8, and (b) of
FIG. 3 is a diagram showing a correlation between (i) a size of
particles floating in the culture of the parent strain (wild-type
strain) of Sample 8 and (ii) complexity inside the particles.

FIG. 4 shows a result of analysis of a state of the GSH1
overexpressing strain of Sample 4, (a) of FIG. 4 is a histogram
for cells (particles) exhibiting chlorophyll fluorescence in the
GSH1 overexpressing strain of Sample 4, and (b) of FIG. 4 is
adiagram showing a correlation between (i) a size of particles
floating in the culture of the GSH1 overexpressing strain of
Sample 4 and (ii) complexity inside the particles.

(a) of FIG. 5 is a graph showing (i) a time-course for
density of particles (i.e., cells) that exhibit chlorophyll fluo-
rescence and (ii) a time-course for density of particles (i.e.,
starch grains) that do not exhibit chlorophyll fluorescence in
Samples 9 and 10, (b) of FIG. 5 is a graph showing a time-
course for a starch amount per culture solution in Samples 9
and 10, and (¢) of FIG. 5 is a graph showing a time-course for
a starch amount per cells in Samples 9 and 10. In (b) and (c)
of FIG. 5, “TAP normal” and “TAP N-free” in the legend
represent “TAP medium containing a nitrogen source” and
“TAP medium containing no nitrogen source”, respectively.

(a) of FIG. 6 is a graph showing (i) a time-course for
density of particles (i.e., cells) that exhibit chlorophyll fluo-
rescence and (ii) a time-course for density of particles (i.e.,
starch grains) that do not exhibit chlorophyll fluorescence in
Samples 11 and 12, (b) of FIG. 6 is a graph showing a
time-course of a starch amount per culture solution in
Samples 11 and 12, and (c¢) of FIG. 6 is a graph showing a
time-course for a starch amount per cells in Samples 11 and
12. In (b) and (c¢) of FIG. 6, ““TAP normal” and “TAP N-free”
in the legend represent “TAP medium containing a nitrogen
source” and “TAP medium containing no nitrogen source”,
respectively.

(a) of FIG. 7 is a graph showing (i) a time-course for
density of particles that exhibit chlorophyll fluorescence and
(ii) a time-course for density of particles that do not exhibit
chlorophyll fluorescence in the GSH1 overexpressing strain
and the parent strain (wild-type strain), and (b) of FIG. 7 is a
graph showing a time-course for a starch amount per culture
solution.

FIG. 8 is a view showing results of iodostarch reaction in
the GSH1 overexpressing strain and the parent strain (wild-
type strain).

FIG. 9 is a view showing a result of analysis of a growth
capacity of the GSH1 overexpressing strain.

FIG. 10 shows a result of analysis of states of the GSH1
overexpressing strain at respective passaging points, (a) of
FIG. 10 is a view showing a correlation between cell size and
cell internal complexity in the GSH1 overexpressing strain
during the “SUBCULTURE 17 shown in FIG. 9, (b) of FIG.
10 is a view showing a correlation between cell size and cell
internal complexity in the GSH1 overexpressing strain during
the “SUBCULTURE 2” shown in FIG. 9, and (c) of FIG. 10
is a view showing a correlation between cell size and cell
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internal complexity inthe GSH1 overexpressing strain during
the “SUBCULTURE 3” shown in FIG. 9.

FIG. 11 is a view showing a result of observation of a shape
ofa starch grain discharged to an outside of the cells from the
GSH1 overexpressing strain, (a) of FIG. 11 is a view showing
a result of observation of starch grains with the use of a
scanning electron microscope, (b) of FIG. 11 is a view show-
ing a result of iodostarch reaction of a starch grain discharged
from the GSH1 overexpressing strain, and (¢c) of FIG. 11 is a
view showing a starch production capacity of the GSH1 over-
expressing strain in a case where BSO, which is an inhibitor
for GSH synthesis, was added so that a final concentration
becomes 8 mM.

FIG. 12 shows a result of analysis of an oils and fats
production capacity of the GSH1 overexpressing strain, (a) of
FIG. 12 is a histogram for cells that exhibit nile-red-derived
fluorescence in the parent strain (wild-type strain), (b) of FIG.
12 is a histogram for cells that exhibit nile-red-derived fluo-
rescence in the GSH1 overexpressing strain, (¢) of FIG. 12 is
a view showing a result of observation of the nile-red stained
parent strain (wild-type strain) with the use of'a confocal laser
microscope, and (d) of FIG. 12 is a view showing a result of
observation of the nile-red stained GSH1 overexpressing
strain with the use of a confocal laser microscope.

FIG. 13 shows a result of analysis of a state of the GSH1
overexpressing strain, (a) of FIG. 13 is a view showing a
correlation between cell size and cell internal complexity in
the GSHI1 overexpressing strain, (b) of FIG. 13 is a view
showing a correlation between cell size and fluorescent inten-
sity of the nile-red-derived fluorescence in the GSH1 overex-
pressing strain, (¢) of FIG. 13 is a view showing a correlation
between cell size and cell internal complexity as to cells
contained in the rectangular region in (b) of FIG. 13, and (d)
of FIG. 13 is a view showing a correlation between cell size
and cell internal complexity in the parent strain (wild-type
strain).

FIG. 14 is a view showing a result of gas chromatograph
mass spectrometry.

FIG. 15 shows a result of analysis of a state of the GSH1
overexpressing strain (sta6~ background) and a state of the
parent strain (sta6™), (a) of FIG. 15 is a view showing a
correlation between cell size and cell internal complexity in
the parent strain (sta6™), and (b) of FIG. 15 is a view showing
a correlation between cell size and cell internal complexity in
the GSH1 overexpressing strain (sta6~ background).

FIG. 16 shows a result of analysis of (i) oils and fats
production capacities of the GSH1 overexpressing strain
(sta6~ background) and the parent strain (sta6™) at the end of
the preculturing and (ii) oils and fats production capacities of
the GSH1 overexpressing strain (sta6~ background) and the
parent strain (sta6™~) on the third day after the medium change,
(a) of FIG. 16 is a histogram for cells exhibiting nile-red-
derived fluorescence in the GSH1 overexpressing strain
(sta6™ background) and the parent strain (sta6™) at the end of
the preculturing, and (b) of FIG. 16 is a histogram for cells
exhibiting nile-red-derived fluorescence in the GSH1 overex-
pressing strain (sta6~ background) and the parent strain
(sta6™) on the third day after the medium change.

FIG. 17 shows a result of analysis of a chlorophyll amount
in the GSH1 overexpressing strain produced in Example 1.

FIG. 18 shows a result of analysis of spectra of pigments
extracted from the E.c.gshA plus strain and E.c.gshA minus
strain, each of which is a transformant of Cyanobacteria. (a)
of FIG. 18 shows an absorbance spectrum of the E.c.gshA
plus strain, (b) of FIG. 18 shows an absorbance spectrum of
the E.c.gshA minus strain, and (c) of FIG. 18 shows a spec-
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trum obtained by subtracting the spectrum of the E.c.gshA
minus strain from the spectrum of the E.c.gshA plus strain.

(a) of FIG. 19 is a graph showing (i) a time-course for
density of particles (i.e., cells) that exhibit chlorophyll fluo-
rescence and (ii) a time-course for density of particles (i.e.,
starch grains) that do not exhibit chlorophyll fluorescence in
Samples 9 and 10, (b) of FIG. 19 is a graph showing a
time-course for a starch amount per culture solution in
Samples 9 and 10, and (c) of FIG. 19 is a graph showing a
time-course for a starch amount per cells in Samples 9 and 10.
In (b) and (¢) of FIG. 19, “TAP normal” and “TAP N-free” in
the legend represent “TAP medium containing a nitrogen
source” and “TAP medium containing no nitrogen source”,
respectively.

(a) of FIG. 20 is a graph showing (i) a time-course for
density of particles (i.e., cells) that exhibit chlorophyll fluo-
rescence and (ii) a time-course for density of particles (i.e.,
starch grains) that do not show chlorophyll fluorescence in
Samples 11 and 12, (b) of FIG. 20 is a graph showing a
time-course for a starch amount per culture solution in
Samples 11 and 12, and (c) of FIG. 20 is a graph showing a
time-course for a starch amount per cells in Samples 11 and
12.In (b) and (¢) of FI1G. 20, “TAP normal” and “TAP N-free”
in the legend represent “TAP medium containing a nitrogen
source” and “TAP medium containing no nitrogen source”,
respectively.

DESCRIPTION OF EMBODIMENTS

An embodiment of the present invention is described below
in detail. Note, however, that the present invention is not
limited to this, but may be altered in various ways within the
scope of the claims. All of the academic literatures and patent
literatures mentioned in this specification are incorporated by
reference. A numerical range “A to B” means “not less than A
and not more than B” unless otherwise specified.

[1. Alga of the Present Invention]

An alga of the present invention is not limited to a specific
one, provided that it has an increased glutathione concentra-
tion in its chloroplast. Preferably, the alga of the present
invention is an alga in which productivity of a photosynthate
is increased.

In the present invention, what is meant by “increased glu-
tathione concentration in chloroplast™ is that a glutathione
concentration in a chloroplast of an alga is higher than that of
a wild-type alga of the same species. It is determined that an
alga has an increased glutathione concentration in its chloro-
plast, preferably in a case where a glutathione concentration
in a chloroplast of the alga is 1.1 or more times as high as that
of'a wild-type alga of the same species grown under the same
condition, more preferably in a case where there is a signifi-
cant difference of 5% level as a result of a t-test. Note that the
glutathione concentration in the chloroplast of the wild-type
alga is preferably one measured by the same method at the
same time as the alga of the present invention, but data accu-
mulated as background data may be used.

A glutathione concentration in a chloroplast of an alga can
be directly measured by a method of introducing roGFP2,
which is a molecular probe whose hue changes reflecting a
redox state, into the chloroplast (see, for example, Meyer A J,
etal. (2007) Plant Journal 52: 973-986. Redox-sensitive GFP
in Arabidopsis thaliana is a quantitative biosensor for the
redox potential of the cellular glutathione redox buffer and
Gutscher M, et al. (2008) Nat Methods 5: 553-559. Real-time
imaging of the intracellular glutathione redox potential). As
an alternative to this method, a glutathione concentration can
be indirectly measured by a method using, as an indicator, an
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expression amount of a protein which is involved in a glu-
tathione biosynthesis system or an expression amount of a
polynucleotide encoding the protein. According to this
method, an increase of such an indicator is judged as an
increase in glutathione concentration. A conventionally
known method can be suitably used to measure an expression
amount of such a protein and an expression amount of such a
polynucleotide.

Examples of “glutathione” encompass reduced glutathione
(hereinafter referred to as “GSH”) and oxidized glutathione
(hereinafter referred to as “GSSG”). According to a method
of the present invention, it is only necessary to increase a
glutathione concentration of at least one of GSH and GSSG.
It is also possible to increase both of a concentration of GSH
and a concentration of GSSG.

What is meant by “productivity of a photosynthate is
increased” is that productivity of a photosynthate in an alga is
higher than that in a wild-type alga of the same species. It is
determined that productivity of a photosynthate is increased
in an alga, preferably in a case where the productivity of the
photosynthate in the alga is 1.1 or more as high as that of a
wild-type alga of the same species grown under the same
condition, more preferably in a case where there is a signifi-
cant difference of 5% level as a result of a t-test. Productivity
can be evaluated, for example, on the basis of various points
such as conditions ofirradiation light (e.g., light amount, light
intensity, irradiation time), an administered nutrient, time
length, necessity of a step of creating a starved state, and a
cultivation temperature.

The “photosynthate” used herein refers to a substance pro-
duced by an alga as a result of carbon fixation occurring due
to photosynthesis. Specific examples of the “photosynthate”
are biomass encompassing oils and fats, saccharides (includ-
ing starch), or the like, and its derivatives (metabolites). Note
that the “carbon fixation occurring due to photosynthesis”
used herein refers to overall carbon compound metabolism
using chemical energy derived from optical energy. Accord-
ingly, carbon taken in a metabolic system is derived not only
from an inorganic compound such as carbon dioxide but also
from an organic compound such as acetic acid.

The “alga” used herein is not limited in particular, provided
that it has a photosynthetic capacity and is capable of produc-
ing a photosynthate. Examples of such an alga encompass
microalgae classified in the class Chlorophyceae of the divi-
sion Chlorophyta. More specifically, examples of such an
alga encompass algae belonging to the genus Chlamydomo-
nas of the class Chlorophyceae, such as Chlamydomonas
reinhardtii, Chlamydomonas moewusii, Chlamydomonas
eugametos, and Chlamydomonas segnis; algae belonging to
the genus Dunaliella of the class Chlorophyceae, such as
Dunaliella salina, Dunaliella tertiolecta, and Dunaliella pri-
molecta; algae belonging to the genus Chlorella of the class
Chlorophyceae, such as Chlorella vulgaris and Chlorella
pyrenoidosa; algae belonging to the genus Haematococcus of
the class Chlorophyceae, such as Haematococcus pluvialis;
algae belonging to the genus Chlorococcum of the class Chlo-
rophyceae, such as Chlorococcum littorale; algae belonging
to the genus Botryococcus of the class Chlorophyceae or the
class Xanthophyceae, such as Botryococcus braunii; algae
belonging to the genus Choricystis of the class Chloro-
phyceae, such as Choricystis minor; algae belonging to the
genus Pseudochoricystis of the class Chlorophyceae, such as
Pseudochoricystis ellipsoidea; algae belonging to the genus
Amphora of the class Bacillariophyceae, such as Amphora
sp.; algae belonging to the genus Nitzschia of the class Bacil-
lariophyceae, such as Nitzschia alba, Nitzschia closterium,
and Nitzschia laevis; algae belonging to the genus Cryptheco-
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dinium of the class Dinophyceae, such as Crypthecodinium
cohnii; algae belonging to the genus Fuglera of the class
Euglenophyceae, such as Euglena gracilis and Euglena
proxima; algae belonging to the genus Paramecium of the
division Ciliophora, such as Paramecium bursaria; algae
belonging to the genus Syrnechococcus of the division Cyano-
phyta, such as Synechococcus aquatilis and Synechococcus
elongatus; algae belonging to the genus Spirulina of the divi-
sion Cyanophyta, such as Spirulina platensis and Spirulina
subsalsa; algae belonging to the genus Prochlorococcus of
the division Cyanophyta, such as Prochlorococcus marinus;
and algae belonging to the genus Oocystis of the division
Cyanophyta, such as Qocystis polymorpha.

A method for obtaining an alga having an increased glu-
tathione concentration in its chloroplast is not limited in par-
ticular. This method is specifically described in “2. Method of
the present invention for producing alga” that will be
described later.

The alga of the present invention is preferably arranged
such that an expression amount and/or an activity of a protein
are increased in a chloroplast of the alga, the protein being at
least one protein selected from the group consisting of
y-glutamylcysteine synthetase (hereinafter referred to also as
“GSH1”), glutathione synthetase (hereinafter referred to also
as “GSH2”), ATP-sulfurylase, adenosine 5'-phosphosulfate
reductase, sulfite reductase, cysteine synthetase, and serine
acetyl transferase. Since these proteins are enzymes that are
involved in a glutathione biosynthesis system in a chloroplast,
an increase in expression amount of these proteins can be
regarded as an increase in glutathione concentration in a
chloroplast.

Alternatively, the alga of the present invention may be an
alga into which a polynucleotide encoding a protein is intro-
duced, the protein being at least one protein selected from the
group consisting of GSH1, GSH2, ATP-sulfurylase, adenos-
ine 5'-phosphosulfate reductase, sulfite reductase, cysteine
synthetase, and serine acety] transferase. An alga into which
such an exogenous polynucleotide is introduced and is (ex-
cessively) expressed can be considered as an alga having an
increased glutathione concentration in its chloroplast.

In other words, it can be said that the present invention
provides a transformed alga having an increased glutathione
concentration in its chloroplast as a result of introduction of a
polynucleotide encoding a protein which is at least one pro-
tein selected from the group consisting of GSH1, GSH2,
ATP-sulfurylase, adenosine 5'-phosphosulfate reductase,
sulfite reductase, cysteine synthetase, and serine acetyl trans-
ferase. As a natural consequence, such a transformed alga is
increased in photosynthate productivity.

In the alga of the present invention, the polynucleotide
encoding glutamylcysteine synthetase may be selected from
the group consisting of the following (a) through (d):

(a) a polynucleotide encoding a polypeptide consisting of
the amino-acid sequence represented by SEQ ID NO: 1;

(b) a polynucleotide encoding a polypeptide which con-
sists of an amino-acid sequence with deletion, substitution, or
addition of one or several amino acids in the amino-acid
sequence represented by SEQ ID NO: 1 and which has a
y-glutamylcysteine synthetase activity;

(c) a polynucleotide consisting of the nucleotide sequence
represented by SEQ ID NO: 2; and

(d) a polynucleotide which hybridizes under a stringent
condition with a polynucleotide consisting of a nucleotide
sequence complementary to any one of the polynucleotides
(a) through (c) and which encodes a polypeptide having a
y-glutamylcysteine synthetase activity. Details of the poly-
nucleotides (a) through (d) are described later.
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Whether or not the polynucleotide has been introduced into
a cell of the alga of the present invention can be confirmed by
a conventionally known method such as a PCR method, a
southern hybridization method, or a northern hybridization
method. Alternatively, whether or not the polynucleotide has
been introduced into a cell of the alga of the present invention
can be confirmed by measuring expression of a protein which
the polynucleotide encodes by a conventionally known
immunological method. Alternatively, whether or not the
polynucleotide has been introduced into a cell of the alga of
the present invention can be confirmed by measuring enzyme
activity of a protein which the polynucleotide encodes by a
conventionally known physiological method.

Since the alga of the present invention has an increased
glutathione concentration in its chloroplast, production and/
or accumulation of a photosynthate in a cell of the alga can be
induced without creating a nitrogen-starved state. As a con-
sequence, use of the alga of the present invention makes it
unnecessary to replace a nitrogen-containing culture solution
with a nitrogen-free culture solution for inducing accumula-
tion of a photosynthate.

The following describes effects of the present invention in
comparison with a wild-type alga. Explained first is a case
where a nitrogen-starved state is created under a het-
erotrophic condition (condition in which a carbon source
such as acetic acid is present). In this case, a wild-type alga
slightly accumulates a photosynthate in its cells during a
growth phase and accumulates the photosynthate during a
stationary phase, but the photosynthate is hardly detected
outside the cells. In contrast, the alga of the present invention
produces and accumulates a photosynthate both during a
growth phase (logarithmic growth phase) and during a sta-
tionary phase, and a large amount of photosynthate is
detected outside the cells. Explained next is a case where a
nitrogen-starved state is not created under a heterotrophic
condition. In this case, the wild-type alga very slightly accu-
mulates a photosynthate in its cells during the growth phase,
but the level of the accumulation further declines in the sta-
tionary phase, and the photosynthate is hardly detected out-
side the cells. In contrast, the alga of the present invention
produces and accumulates a photosynthate both during the
growth phase and during the stationary phase, and a large
amount of photosynthate is detected outside the cells.

Explained next is an autotrophic condition (condition in
which growth depends on carbon dioxide fixation occurring
due to photosynthesis). Under the autotrophic condition, the
wild-type alga generally requires a larger light amount for
induction of accumulation of a photosynthate in the nitrogen-
starved state than under the heterotrophic condition. In con-
trast, the alga of the present invention continues to produce a
photosynthate without the need to increase the light intensity.
Needless to say, also in the alga of the present invention, the
productivity of a photosynthate increases as the intensity of
light with which the alga is irradiated is increased. For
example, in a case where Chlamydomonas is used as the alga,
it is advantageous for production of a photosynthate, in view
of properties of Chlamydomonas, to irradiate the alga with
strong light. However, restriction by a light amount on accu-
mulation of'a photosynthate is extremely limited in the alga of
the present invention, as compared with the wild-type alga.

Further, the alga of the present invention maintains small
growth density. Accordingly, the alga of the present invention
is high in light use efficiency. Consequently, the alga of the
present invention can produce and accumulate a larger
amount of photosynthate than a wild-type alga of the same
species, even in a case where these algae are irradiated with
the same amount of light (light of the same brightness). In
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general, an alga that is in an appropriate level in terms of cell
density (e.g., an alga in which a cell density is maintained at
a lower level than a wild-type alga) is advantageous in terms
of light use efficiency. Specifically, the alga of the present
invention, in which a growth density is maintained at a lower
level than a wild-type alga, can avoid a problem that a pho-
tosynthate production capacity peaks out at a certain point,
which problem occurs because as a cell density increases,
light reaching a deep layer of a culture tank attenuates due to
a “shading effect” caused by cells present on a superficial
layer of the culture tank.

Further, the alga of the present invention can accumulate
starch grains so that the accumulation of the starch grains
linearly increases corresponding to a cultivation time.
Accordingly, by maintaining such a cultivation state by water
replenishment and addition of culture medium, it is possible
to successively produce a photosynthate (so-called continu-
ous cultivation) (e.g., continuously produce starch as starch
grains).

Alternatively, the alga of the present invention has a larger
space for an increase in growth density than a wild-type alga.
It is possible to effectively produce a photosynthate by
increasing a growth density to a saturation point of produc-
tivity of the photosynthate through artificial manipulation
(e.g., reduction of a cell dispersion medium (e.g., water)
through a filtration step or the like).

Further, the alga of the present invention is small in the
number of resting cells. Accordingly, biomass production
using the alga of the present invention makes it possible to
achieve a good yield and a saving on a culture solution.
Moreover, itis possible to reduce an amount of waste, thereby
allowing a reduction in cost for disposing the waste (dehy-
dration, incineration, landfill, etc.). This is advantageous
especially in a case where batch cultivation is carried out.
Further, such a small amount of waste leads to a good yield.
Specifically, for example, in the case of fermentation such as
wine brewing, most of solid materials in waste are cells.
Meanwhile, according to the alga of the present invention,
rupture and autolysis of cells occur following release of starch
grains, and therefore decomposed dead cells serve for the
nutrition of other cells. As a result, a yield increases.

Further, the alga of the present invention allows a photo-
synthate accumulated in its cells to be discharged towards an
outside of the cells. This makes it easy to collect the photo-
synthate. For example, in a case where the photosynthate is
starch, starch accumulated as a result of photosynthesis can
be discharged towards an outside of cells of the alga as starch
grains without the need to crush the cells. As a consequence,
biomass production using the alga of the present invention
allows relatively easy purification of starch.

The starch grains produced by the alga of the present inven-
tion are extremely small. For example, general starch grains
produced from corn, potato, wheat, or the like are 10 um to 50
um in average particle diameter, whereas starch grains pro-
duced by the alga of the present invention are extremely small
particles of uniform sizes whose average particle diameter of
the majoraxis is 1.3 um (standard deviation 0.181) and whose
average particle diameter of the manor axis is 1.0 um (stan-
dard deviation 0.204). Although starch grains produced by
rice, quinoa, or the like are extremely small grains whose
average particle diameter is approximately 2 um to 3 pm,
these starch grains adhere tightly to each other so as to form
organized albumin, as with starch grains produced by corn,
potato, wheat, or the like. This requires a costly process such
as grinding in order to prepare, from a raw material such as
corn, potato, wheat, rice, or quinoa, extremely small starch
grains that are disaggregate from each other. Such extremely
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small starch grains are useful for production of medicaments.
That is, use of the alga of the present invention allows not only
mass production of extremely small starch grains of uniform
sizes, but also relatively easy purification since the starch
grains are discharged into an outside of cells of the alga.
Moreover, these starch grains are disaggregate from each
other without the process such as grinding.

As described above, starch grains produced by a GSH1
overexpressing strain are smaller than general starch grains
produced by corn, potato, wheat, or the like. Such extremely
small starch grains are useful for production of medicines.
Specifically, such starch grains are smaller than a diameter of
bronchioli of the lung, and are therefore expected to be used
as carriers (dry power inhaler combining a drug for a lung
disease and starch fine particles) for transporting the drug into
bronchioli.

Further, these starch grains are expected to be used as
so-called “edible vaccine” by attaching a peptide antigen to
surfaces of the starch grains (for example, Dauvillé e et al.
2010, PLos One Vol. 5, No. 12, e15424; Translation of PCT
Application, Tokuhyo, No. 2003-500060 (Japanese Patent
Application, Tokugan, No. 2000-620111) discloses that a
malaria antigen is attached on surfaces of starch grains of
Chlamydomonas.)

Note that glutathione is a substance for regulating a redox
status in a cell. It is known that glutathione can function as a
differentiation control agent for cells and organs (see WO
01/080638) and can function as a plant growth-regulation
adjuvant (see Japanese Patent Application Publication, Toku-
kai, No. 2004-352679 A).

However, it is unpredictable, from the conventionally
known functions of glutathione, that (i) increasing a glu-
tathione concentration in a chloroplast of an alga can induce
accumulation of a photosynthate in a cell of the alga without
the need to create a nitrogen-starved state and (ii) the photo-
synthate accumulated in the cell of the alga can be discharged
into an outside of the cell.

Use of the alga of the present invention makes it possible to
more easily and efficiently (i) induce accumulation of a pho-
tosynthate and (ii) collect the photosynthate, as compared
with a conventional art. Accordingly, by using the alga of the
present invention in a biomass production method that is
described later, it is possible to more efficiently produce bio-
mass from the alga at lower cost as compared with a conven-
tional art.

[2. Method of the Present Invention for Producing Alga]

A method for producing an alga in accordance with the
present invention (hereinafter referred to as “method of the
present invention for producing an alga”) is a method for
producing an alga (the alga of'the present invention) in which
a glutathione concentration in a chloroplast and productivity
of a photosynthate are increased as compared with a wild-
type alga. The method of the present invention for producing
an alga is not limited in terms of conditions, steps, etc.,
provided that it includes at least the step of increasing a
glutathione concentration in a chloroplast of the alga.

The following specifically describes a method of the
present invention for producing an alga.

(1. Step of Increasing Glutathione Concentration)

The step of increasing a glutathione concentration is a step
of increasing a glutathione concentration in a chloroplast of
an alga.

What is meant by “increasing a glutathione concentration
in a chloroplast” is that the glutathione concentration in the
chloroplast of the alga is increased to be higher than that of a
wild-type alga of the same species. In other words, an alga
that has been subjected to the step of increasing a glutathione
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concentration has a higher glutathione concentration than the
wild-type alga of the same species. Whether or not a glu-
tathione concentration in a chloroplast of an alga has been
increased to be higher than that of a wild-type strain of the
alga can be judged by the method described in “1. Alga of the
present invention”.

A method for increasing a glutathione concentration in a
chloroplast in the step of increasing a glutathione concentra-
tion is not limited in particular, provided that it can eventually
increase a glutathione concentration in a chloroplast of an
alga. For example, an alga having an increased glutathione
concentration in its chloroplast can be obtained by a method
such as (i) a method of randomly introducing a mutation into
a target alga by a known mutation introducing method or (ii)
a method of introducing, into a cell of an alga (into a genome
of the alga in some cases), a substance for increasing a glu-
tathione concentration in a chloroplast.

The following specifically describes the methods (i) and
(ii).

(1) Method of Randomly Introducing a Mutation into an
Alga

The method of randomly introducing a mutation into an
alga is not limited in particular, and can be one appropriately
selected from known methods. Specifically, examples of such
a method include (a) a method of treating an alga with a
chemical substance (e.g., EMS, NTG), (b) a method utilizing
radiation, (c) a method utilizing a transposon, (d) a method
utilizing T-DNA, (e) a method utilizing prokaryotic/eukary-
otic cell conjugation, and (f) a method of physically introduc-
ing a mutation with the use of a gene gun. By using such a
method, a mutation is introduced into a polynucleotide
encoding a protein (such as GSH1, GSH2, ATP-sulfurylase,
adenosine 5'-phosphosulfate reductase, sulfite reductase, cys-
teine synthetase, or serine acetyl transferase) that is involved
in a glutathione biosynthesis system in a chloroplast, thereby
increasing an expression amount and/or an activity of the
protein. As a result, an alga having an increased glutathione
concentration in its chloroplast can be obtained.

A method for distinguishing an alga into which a desired
mutation has been introduced is not limited in particular, and
can be a known method. Examples of such a method include
(a) a method of obtaining a mutant alga having an increased
glutathione concentration by using the above-mentioned
method of directly measuring a glutathione concentration in a
chloroplast and (b) a method of obtaining a mutant alga in
which an expression amount and/or an activity of a protein
such as GSH1, GSH2, ATP-sulfurylase, adenosine 5'-phos-
phosulfate reductase, sulfite reductase, cysteine synthetase,
or serine acetyl transferase is increased.

(i1) Method of Introducing, into a Cell, a Substance for
Increasing a Glutathione Concentration in a Chloroplast

The “substance for increasing a glutathione concentration
in a chloroplast” is, for example, (A) a polynucleotide encod-
ing a protein for increasing a glutathione concentration in a
chloroplast of an alga or (B) a polynucleotide having a func-
tion of reducing an expression amount of a protein for reduc-
ing a glutathione concentration in a chloroplast of an alga. An
alga having an increased glutathione concentration in its chlo-
roplast can be obtained, for example, by introducing the poly-
nucleotide (A) and/or the polynucleotide (B) into a cell of the
alga. Note that the polynucleotide (A) and the polynucleotide
(B) may be used alone or may be used in combination.

The term “polypeptide” used herein is interchangeable
with “peptide” or “protein”. The term “polynucleotide” used
herein is interchangeable with “gene”, “nucleic acid” or
“nucleic acid molecule”, and refers to a nucleotide polymer.
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The expression “introducing a polynucleotide” means that
a polynucleotide to be introduced is present in a cell of an
alga, and encompasses a case where a polynucleotide to be
introduced is inserted (introduced) into a genome of an alga.
Whether or not a polynucleotide has been introduced into a
cell of an alga can be confirmed by a conventionally known
method such as a PCR method, a southern hybridization
method, or a northern hybridization method.

By introducing at least one kind of the polynucleotide (A)
into a cell of an alga, it is possible to increase an expression
amount of a protein for increasing a glutathione concentration
in a chloroplast. As a result, it is possible to increase the
glutathione concentration in the chloroplast.

Preferable Examples of such a polynucleotide encompass a
polynucleotide (hereinafter referred to also as “GSH1 gene™)
encoding y-glutamylcysteine synthetase, a polynucleotide
(hereinafter referred to also as “GSH2 gene”) encoding glu-
tathione synthetase, a polynucleotide encoding ATP-sulfury-
lase, a polynucleotide encoding adenosine 5'-phosphosulfate
reductase, a polynucleotide encoding sulfite reductase, a
polynucleotide encoding cysteine synthetase, and a poly-
nucleotide encoding serine acetyl transferase. Each of these
polynucleotides is preferably derived from a plant, more pref-
erably one which a host alga itself has. Note, however, that a
polynucleotide derived from an alga different from the host
alga and a polynucleotide derived from other higher plants
can be suitably used.

The “y-glutamylcysteine synthetase (GSH1)” is an enzyme
which synthesizes y-glutamylcysteine by amid-bonding
glutamic acid with cysteine at y position. The “glutathione
synthetase (GSH2)” is an enzyme which synthesizes glu-
tathione by adding glycine to y-glutamylcysteine.

Although specific examples of the “GSH1 gene” are not
limited in particular, a preferable example of the GSH1 gene
for use in the present invention is a GSH1 gene (CHLRE-
DRAFT__181975) of Chliamydomonas which the inventors
of the present invention used in Examples. The GSH1 of
Chlamydomonas consists of the amino-acid sequence repre-
sented by SEQ ID NO: 1, and a gene (full-length ¢cDNA)
encoding the GSH1 of Chlamydomonas consists of the nucle-
otide sequence represented by SEQ ID NO: 3. In the nucle-
otide sequence represented by SEQ ID NO: 3, the sequence
from position 134 to position 136 is a start codon, and the
sequence from position 1571 to position 1573 is a stop codon.
That is, the Chlamydomonas GSH1 gene has the sequence
from position 134 to position 1573 of the nucleotide sequence
represented by SEQ ID NO: 3 as an open reading frame
(ORF). The nucleotide sequence represented by SEQ ID NO:
2 is anucleotide sequence of the ORF of the Chlamydomonas
GSHI1 gene. A translated product of the Chlamydomonas
GSHI1 gene has a chloroplast targeting signal peptide in its
N-terminus region. Accordingly, the translated product of the
Chlamydomonas GSH1 gene, i.e., Chlamydomonas GSH1 is
normally present in a chloroplast.

That is, in the present invention, preferable examples of a
nucleotide to be introduced into an alga are the following
polynucleotides (a) through (d):

(a) a polynucleotide encoding a polypeptide consisting of
the amino-acid sequence represented by SEQ ID NO: 1;

(b) a polynucleotide encoding a polypeptide which con-
sists of an amino-acid sequence with deletion, substitution, or
addition of one or several amino acids in the amino-acid
sequence represented by SEQ ID NO: 1 and which has a
y-glutamylcysteine synthetase activity;

(c) a polynucleotide consisting of the nucleotide sequence
represented by SEQ ID NO: 2; and
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(d) a polynucleotide which hybridizes under a stringent
condition with a polynucleotide consisting of a nucleotide
sequence complementary to any one of the polynucleotides
(a) through (c) and which encodes a polypeptide having a
y-glutamylcysteine synthetase activity.

The nucleotide sequence represented by SEQ ID NO: 2 is
an example of the nucleotide sequence encoding a polypep-
tide consisting of the amino-acid sequence represented by
SEQID NO: 1.

What is meant by “deletion, substitution, or addition of one
or several amino acids” is deletion, substitution, or addition of
an amino acid(s) (preferably not more than 10 amino acids,
more preferably not more than 7 amino acids, further more
preferably not more than 5 amino acids) almost as many as
those that can be deleted, substituted, or added by a known
mutant peptide production method such as site-directed
mutagenesis. Such a mutant protein is not limited to a protein
having a mutation artificially introduced by a known mutant
peptide production method, and can be one obtained by iso-
lating and purifying a naturally-occurring protein.

It is well known in the art that some of amino acids in an
amino-acid sequence of a protein can be easily modified
without significantly affecting a structure or functions of the
protein. It is also well known in the art that a protein has a
naturally-occurring mutant which does not significantly
change a structure or function of the protein, apart from an
artificially-altered protein.

It is preferable that a mutant includes conservative or non-
conservative substitution, deletion, or addition of amino
acid(s). In this regard, silent substitution, addition, and dele-
tion are more preferable, and conservative substitution is
particularly preferable. Such mutations do not change a
polypeptide activity in accordance with the present invention.

It is considered that representative examples of the conser-
vative substitution are: substitution of one amino acid with
another among aliphatic amino acids Ala, Val, Leu, and Ile;
exchange of hydroxyl residues Ser and Thr; exchange of
acidic residues Asp and Glu; substitution between amide
residues Asn and Gln; exchange of basic residues Lys and
Arg; and substitution between aromatic residues Phe and Tyr.

The “stringent condition” in the present specification
means such a condition that sequences hybridize with each
other only when the sequences have at least 90% identity,
preferably at least 95% identity, most preferably at least 97%
identity. Specifically, the “stringent condition” includes, for
example, incubation overnight at 42° C. in a hybridization
solution (50% formamide, 5xSSC (150 mM NaCland 15 mM
trisodium citrate), 50 mM sodium phosphate (pH7.6),
5xDenhardt’s solution, 10% dextran sulfate, and 20 pg/ml.
denatured fragmented salmon sperm DNA) and washing of a
filter in 0.1xSSC at approximately 65° C.

The hybridization can be carried out by means of a known
method such as one described in Sambrook et al., Molecular
cloning, A Laboratory Manual, 3rd Ed., Cold Spring Harbor
Laboratory (2001). Generally, the higher the temperature is
and the lower the salt concentration is, the higher the strin-
gency becomes (the hybridization becomes more difficult to
occur). The higher stringency makes it possible to obtain a
polynucleotide with a higher homology.

Identity between amino-acid sequences or between nucle-
otide sequences can be determined by use of an algorithm
BLAST according to Karlin and Altschul (Karlin S, Altsuchul
S F, Proc. Natl. Acad. Sci. USA, 87: 2264-2268 (1990);
Karlin S, Altschul S F, Proc. Natl. Acad Sci. USA, 90: 5873-
5877 (1993)). Programs based on the algorithm BLAST,
called BLASTN and BLASTX, have been developed (Alts-
chul S F, et al., J. Mol. Biol., 215: 403 (1990)).
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In the present invention, the “y-glutamylcysteine syn-
thetase activity” means the activity of catalyzing a reaction of
amid-bonding glutamic acid with cysteine at y position. The
“y-glutamylcysteine synthetase activity” can be found as fol-
lows, for example: an alga is crushed under nitrogen atmo-
sphere as anti-oxidation measure. A solution which contains
the crushed alga therein is centrifuged to give a supernatant as
a sample. The sample is added to a reaction solution contain-
ing cysteine, glutamic acid, and ATP, so that y-glutamylcys-
teine is synthesized. The y-glutamylcysteine synthetase activ-
ity is found as an amount of the y-glutamylcysteine
synthesized for a given length of time. As another method, it
is also possible to find y-glutamylcysteine synthetase activity
by measuring an amount of phosphoric acid generated along
with the reaction.

Known examples of plant-derived GSH1 genes other than
the Chlamydomonas GSH1 gene encompass a gene of A.
thaliana (TAIR Accession Gene: 2127172, Name
AT4G23100.1), a gene of Zinnia elegans (Genbank acces-
sion: AB158510), a gene of Oryza sativa (Genbank acces-
sion: AJ508915), a gene of Nicotiana tabacum (Genbank
accession: DQ444219), and the like. These genes can be also
preferably used in the present invention. Translated products
of'these genes also have a chloroplast targeting signal peptide
in the N-terminal region, similarly to that of Chlamydomo-
nas.

Further, by introducing the polynucleotide (B) into a cell of
an alga, it is possible to reduce an expression amount of a
protein which reduces a glutathione concentration in a chlo-
roplast. As a result, it is possible to increase the glutathione
concentration in the chloroplast. Examples of such a poly-
nucleotide encompass double-stranded RNA (dsRNA),
siRNA (short interfering RNA), and template DNA of these
RNAs, each of which is used in a conventionally known RNA
interference (RNAi) method.

A preferable example of the “protein which reduces a
glutathione concentration in a chloroplast of an alga” is
CLT1. “CLT1” is a transporter for transporting glutathione
from a chloroplast to cytoplasm. Such a transporter was found
first in 4. thaliana and named CLT1 (see Proc Natl Acad Sci
USA (2010) vol. 107 (5) 2331-2336). That is, a polynucle-
otide that is intended to reduce an expression amount of a
glutathione transporter such as CTL1 can be exemplified as
the polynucleotide (B).

The “polynucleotide” for use in the method of the present
invention for producing an alga may be derived from a
genomic DNA or cDNA, and may be a chemosynthetic DNA.
Further, the “polynucleotide” may be RNA. The “polynucle-
otide” for use in the method of the present invention for
producing an alga can be appropriately selected according to
the purpose.

A method for obtaining a polynucleotide for use in the
method of the present invention for producing an alga may be
a method for isolating and cloning, by use of a known tech-
nique, a DNA fragment encoding GSH1, for example, in the
case of obtaining a GSH1 gene. The method may be such that
a probe that specifically hybridizes with part of a nucleotide
sequence of DNA encoding GSH1 of Chlamydomonas is
prepared and a genomic DNA library or a cDNA library is
screened with the probe.

Alternatively, the method for obtaining a polynucleotide
foruse in the method of the present invention for producing an
alga can be a method using amplification means such as PCR.
For example, in the case of obtaining a GSH1 gene, primers
are prepared respectively from sequences on the 5' side and
the 3' side (or their complementary sequences) of cDNA
encoding GSH1 of Chlamydomonas. Then, PCR or the like is
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carried out with use of the primers and a genomic DNA (or
c¢DNA) as a template, so as to amplify a DNA region between
the primers. This makes it possible to obtain a great amount of
DNA fragments (GSH1 genes) encoding GSH1 for use in the
present invention. A GSH2 gene, an ATP-sulfurylase gene, an
adenosine 5'-phosphosulfate reductase gene, a sulfite reduc-
tase gene, a cysteine synthetase gene, a serine acetyl trans-
ferase gene,and a CLT1 gene also can be obtained by a similar
method.

The polynucleotide for use in the method of the present
invention for producing an alga can be obtained from a
desired alga as a source.

A method for introducing a polynucleotide into an alga in
the method of the present invention for producing an alga is
not limited in particular. For example, the polynucleotide can
be introduced into a cell of an alga by introducing an expres-
sion vector having the polynucleotide. A method for con-
structing an expression vector is not limited in particular, and
can be a conventionally known method. For example, a
recombinant expression vector in which a promoter function-
ing in an alga cell is connected to an upstream of a polynucle-
otide to be introduced and a terminator functioning in an alga
cell is connected to a downstream of the polynucleotide to be
introduced can be constructed and introduced into an alga in
accordance with the expression vector construction method
disclosed in Japanese Patent Application Publication, Toku-
kai, No. 2007-43926 and the alga transformation method
disclosed in Japanese Patent Application Publication, Toku-
kaihei, No. 10-0570868.

A suitable example of the “promoter” is a PsaD promoter.
The PsaD promoter is higher in promoter activity than an
endogenous promoter of the GSH1 gene. Accordingly, use of
the PsaD promoter makes it possible to express a larger
amount of y-glutamylcysteine synthetase. Moreover, since
the PsaD gene is involved in photosynthesis, an expression
vector obtained with the use of the PsaD promoter makes it
possible to regulate an expression amount of a gene to be
introduced by changing intensity of irradiation light when the
expression vector is introduced into a cell of an alga.

(2. Other Steps)

The method of the present invention for producing an alga
may further include the step of carrying out screening for an
alga having an increased glutathione concentration in a chlo-
roplast in addition to the “step of increasing a glutathione
concentration”.

For example, first, transformed algae into which an
intended gene has been introduced are screened by a conven-
tionally known chemical selective method by using, as an
indicator, expression of a chemical-resistant marker such as a
kanamycin-resistant marker or a hygromycin-resistant
marker. Then, whether the intended gene has been introduced
into an alga or not can be determined by using a PCR method,
a southern hybridization method, a northern hybridization
method, or the like. For example, DNA is prepared from a
transformed alga, and primers specific to the introduced DNA
are designed, and PCR is carried out. After that, amplification
products are subjected to agarose gel electrophoresis, poly-
acrylamide gel electrophoresis, or capillary electrophoresis,
and then stained with ethidium bromide so that an intended
amplification product is detected, whereby the transforma-
tion can be confirmed.

As screening for an individual having an increased glu-
tathione concentration in a chloroplast, the above-mentioned
method for measuring a glutathione concentration in a chlo-
roplast can be used for example.

Since an increase in a glutathione concentration in a chlo-
roplast results in an increase in productivity of a photosyn-
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thate, it can be easily understood that an alga having an
increased glutathione concentration in a chloroplastis an alga
in which productivity of a photosynthate is increased.
Whether or not productivity of a photosynthate is increased in
an individual found through screening can be determined by
the above-mentioned method for measuring productivity of a
photosynthate.

[3. Method of the Present Invention for Producing Biom-
ass|

A method for producing biomass in accordance with the
present invention (hereinafter referred to as “method of the
present invention for producing biomass™) is a method for
producing biomass with the use of an alga (the alga of the
present invention) in which a glutathione concentration in a
chloroplast is increased to be higher than that of a wild-type
alga or an alga produced by the method of the present inven-
tion for producing an alga.

The alga of the present invention and the method of the
present invention for producing an alga have been described
in [1. Alga of the present invention] and [2. Method of the
present invention for producing alga], respectively, and there-
fore are not described here repeatedly.

The “biomass” used herein refers to a substance, such as
oils and fats, or saccharides (including starch), that is pro-
duced by an alga as a result of carbon fixation occurring due
to photosynthesis, and is interchangeable with “photosyn-
thate”.

In the method of the present invention for producing bio-
mass, a method for inducing production or accumulation of a
photosynthate in a cell of an alga is not limited in particular.
For example, the method of the present invention for produc-
ing biomass may include the step of irradiating an alga with
light in order to induce production or accumulation of a
photosynthate in a cell of the alga.

According to a conventional method, it is necessary to (i)
create a nitrogen-starved condition in order to induce accu-
mulation of a photosynthate in a cell of an alga and (ii)
irradiate the alga with light in an amount of not less than 200
pE/m?*/second in order to promote remarkable accumulation
of'a photosynthate. In contrast, according to the method of the
present invention for producing biomass, it is possible to
induce accumulation of a photosynthate without the need to
regulate a light amount. Note, however, that in the method of
the present invention for producing biomass, an alga is pref-
erably irradiated with light in an amount of not more than
1000 pE/m?*/second, more preferably not more than 500
uE/m?/second, further more preferably not more than 400
pE/m?*/second, not more than 300 pE/m*second, not more
than 200 pE/m?/second, not more than 150 uE/m?/second, not
more than 100 pE/m*second, or not more than 80 uE/m?/
second. As the amount of irradiation light becomes smaller,
energy efficiency improves, and therefore productivity
increases. The alga of the present invention is superior to a
conventional wild-type alga in that production of a photosyn-
thate inside and outside a cell is possible with a smaller light
amount. Note that a lower limit of the amount of irradiation
light is not limited in particular, but a realistic value of the
lower limit is, for example, not less than 40 uE/m?*/second.

No special light irradiation device is necessary to irradiate
an alga with light in the above range. For example, solar light;
light regulated both in quality and quantity by a mirror, an
optical fiber, a filter, a mesh, or the like; artificial light such as
an incandescent lamp, a fluorescent lamp, a mercury lamp, or
a light-emitting diode can be used. Further, the irradiation
light can be light having a wavelength suitable for photosyn-
thesis of a general alga, and is preferably light having, for
example, a wavelength ranging from 400 nm to 700 nm.
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Moreover, according to the method of the present invention
for producing biomass, it is possible to induce production or
accumulation of a photosynthate in a cell of an alga without
the need to cultivate the alga under a nitrogen-starved condi-
tion. Accordingly, the step of irradiating an alga with light
may be carried out under a condition where nitrogen is not
starved. The “condition where nitrogen is not starved” means
that an alga is cultivated in a culture solution containing
inorganic nitrogen in an amount necessary for growth of the
alga. The “amount necessary for growth of the alga” means
that inorganic nitrogen contained in the culture solution is
0.001% to 0.1% by weight, preferably 0.005% to 0.05% by
weight in terms of nitrogen atoms. The “inorganic nitrogen”
refers to nitrogen such as ammonia nitrogen, nitrite nitrogen,
nitrate nitrogen. Note that, in the TAP medium used in
Examples described later, inorganic nitrogen contained in a
culture solution is approximately 0.01% by weight in terms of
nitrogen atoms.

The culture solution containing inorganic nitrogen in an
amount necessary for growth of an alga is not limited in
particular, and can be a culture solution generally used for
culture of an alga. Such a culture solution can be, for example,
conventionally known medium such as TAP medium, HSM
medium, or ATCC897 medium.

In an embodiment, accumulation of starch in a cell can be
induced by cultivating the alga of the present invention in TAP
medium while irradiating the alga with light in an amount of
45 uF/m*/second. In another embodiment, accumulation of
starch in a cell can be induced by cultivating the alga of the
present invention in TAP medium while irradiating the alga
with light in an amount of 80 uE/m?*/second.

The step of irradiating an alga with light may be carried out
under a nitrogen-starved condition. The “nitrogen-starved
condition” means that an alga is cultivated in a culture solu-
tion containing less than 0.001% inorganic nitrogen by
weight in terms of nitrogen atoms. In a case where the step of
irradiating an alga with light is carried out under a nitrogen-
starved condition, for example, TAP N-free medium can be
suitably used as a nitrogen-free culture solution although
such a nitrogen-free culture solution is not limited to a spe-
cific one. In an embodiment, accumulation of starch in a cell
can be induced by cultivating the alga of the present invention
under a nitrogen-starved condition (in TAP N-free medium)
while irradiating the alga with light in an amount of 80 uE/m?/
second.

As described above, according to the alga of the present
invention, a photosynthate can be produced without the need
for a nutrient restriction step such as a nitrogen-starved state.
That is, according to the method of the present invention for
producing biomass, such an embodiment is possible in which
a nutrient restriction step such as a nitrogen-starved state is
not substantially carried out (the method does not substan-
tially include a nutrient restriction step such as a nitrogen-
starved state). This makes it possible to simplify the proce-
dure, thereby increasing productivity of a photosynthate.

Further, the step of irradiating an alga with light may be
carried out under an autotrophic condition. The “autotrophic
condition” refers to a condition in which an alga is cultivated
without supply of a carbon source other than carbon dioxide.
Specifically, the step of irradiating an alga with light can be
carried out under an autotrophic condition by cultivating the
alga of the present invention in an HSM culture solution under
air ventilation and light irradiation. A source of carbon diox-
ide is not limited to atmosphere. For example, carbon dioxide
contained in a flue of a thermal power station, ironworks, or
the like can be used. This allows higher concentration of



US 9,051,575 B2

19

carbon dioxide than that contained in the atmosphere to be
supplied to medium, thereby increasing productivity.

Under an autotrophic condition, carbon dioxide or a gas
containing carbon dioxide is supplied from (allowed to pass
through) the vicinity of a bottom part of a culture vessel.
Diffusion speed of carbon dioxide in water is far slower than
in the atmosphere. This necessitates stirring the medium. By
stirring the medium, it is also possible to evenly irradiate the
alga with light. Since carbon dioxide becomes an anion in
water, medium with a weak buffer capacity shifts towards an
acid side due to the aeration. This reduces solubility of carbon
dioxide, thereby hindering carbon dioxide from being used in
photosynthesis. It is therefore preferable that the medium
have a buffer capacity which allows pH of the medium to be
maintained near neutral or alkaline. A preferable example of
such medium is conventionally known HSM medium or the
like.

(2. Other Steps)

The method of the present invention for producing biomass
may further include the step of collecting a photosynthate in
addition to the “step of irradiating an alga with light”.

According to the method of the present invention for pro-
ducing biomass, for example, in a case where the photosyn-
thate is starch, starch accumulated in a cell can be discharged
to an outside of the cell as starch grains. Accordingly, in the
step of collecting a photosynthate, it is only necessary to (i)
separate, from the alga, the starch grains thus discharged to an
outside of the cell and (ii) collect the starch grains thus sepa-
rated from the alga. A method for separating, from the alga,
the starch grains discharged 1o an outside of the cell is not
limited in particular. For example, such separation is accom-
plished by separation means, such as spontaneous sedimen-
tation resulting from still standing, centrifugation, or sieve,
which is based on physical properties such as particles diam-
eters and/or shapes of the starch grains and the alga cell.

The method of the present invention for producing biomass
may be carried out with the use of an alga in which a glu-
tathione concentration in a chloroplast is increased with the
use of a substance that can be absorbed into the alga through
contact with the alga. That is, the present invention encom-
passes a method for producing biomass which includes the
step of cultivating an alga in the presence of a substance for
increasing a glutathione concentration in a chloroplast of the
alga.

Specific examples of the substance which increases a glu-
tathione concentration in a chloroplast of an alga and which
can be absorbed into the alga through contact with the alga
include glutathione, glutathione conjugation, active oxygen
(e.g., hydrogen peroxide), active nitrogen, polyamine, tita-
nium oxide, jasmonic acid, salicylic acid, cysteine, cystine,
heavy-metal cadmium, and an iron ion. Note that polyamine
is a raw material for hydrogen peroxide. Titanium oxide gen-
erates active oxygen when it is irradiated with light. Cysteine
and cystine are precursors of glutathione. Heavy-metal cad-
mium and an iron ion are preferably excessively adminis-
tered. Especially hydrogen peroxide is preferably used from
the viewpoint of cost.

The substance which increases a glutathione concentration
in a chloroplast of an alga and which can be absorbed into the
alga through contact with the alga is, for example, contained
in a culture solution used for photosynthesis of the alga,
thereby allowing the substance to make contact with the alga
and to be absorbed into the alga.

According to the method of the present invention for pro-
ducing biomass, biomass is produced with the use of the alga
of'the present invention or an alga produced by the method of
the present invention for producing an alga. It is therefore

20

25

40

45

60

65

20

possible to induce accumulation of a photosynthate ina cell of
the alga by cultivating the alga without irradiating the alga
with strong light nor creating a nitrogen-starved state (see
Examples described later). Further, since a photosynthate
accumulated in a cell of an alga can be discharged to an
outside of the cell by increasing a glutathione concentration
in a chloroplast, it is easy to collect the photosynthate. That is,
according to the method of the present invention for produc-
ing biomass, it is possible to more easily and efficiently (i)
induce accumulation of a photosynthate and (ii) collect the
photosynthate, as compared with a conventional art. Conse-
quently, according to the method of the present invention for
producing biomass, it is possible to more efficiently produce
biomass from an alga at lower cost, as compared with a
conventional art.

The alga of the present invention may be an alga in which
an expression amount and/or an activity of a protein is
increased in a chloroplast, the protein being at least one
protein selected from the group consisting of y-glutamylcys-
teine synthetase, glutathione synthetase, ATP-sulfurylase,
adenosine 5'-phosphosulfate reductase, sulfite reductase, cys-
teine synthetase, and serine acetyl transferase.

The alga of the present invention may be an alga into which
an exogenous polynucleotide encoding a protein is intro-
duced, the protein being at least one protein selected from the
group consisting of y-glutamylcysteine synthetase, glu-
tathione synthetase, ATP-sulfurylase, adenosine 5'-phospho-
sulfate reductase, sulfite reductase, cysteine synthetase, and
serine acetyl transferase.

In the alga of the present invention, the polynucleotide
encoding glutamylcysteine synthetase may be selected from
the group consisting of the following (a) to (d):

(a) a polynucleotide encoding a polypeptide consisting of
the amino-acid sequence represented by SEQ ID NO: 1;

(b) a polynucleotide encoding a polypeptide which con-
sists of an amino-acid sequence with deletion, substitution, or
addition of one or several amino acids in the amino-acid
sequence represented by SEQ ID NO: 1 and which has a
y-glutamylcysteine synthetase activity;

(c) a polynucleotide consisting of the nucleotide sequence
represented by SEQ ID NO: 2; and

(d) a polynucleotide which hybridizes under a stringent
condition with a polynucleotide consisting of a nucleotide
sequence complementary to any one of the polynucleotides
(a) through (c) and which encodes a polypeptide having a
y-glutamylcysteine synthetase activity.

In the method of the present invention for producing an
alga, the step of increasing a glutathione concentration may
be a step of introducing, into the alga, an exogenous poly-
nucleotide encoding a protein which is at least one protein
selected from the group consisting of y-glutamylcysteine syn-
thetase, glutathione synthetase, ATP-sulfurylase, adenosine
5'-phospho sulfate reductase, sulfite reductase, cysteine syn-
thetase, and serine acetyl transferase.

The method of the present invention for producing biomass
may include the step of irradiating the alga with light.

In the method of the present invention for producing bio-
mass, the step of irradiating the alga with light may be carried
out under a condition where nitrogen is not substantially
starved.

The present invention is not limited to the description of the
embodiments above, but may be altered by a skilled person
within the scope of the claims. An embodiment based on a
proper combination of technical means disclosed in different
embodiments is encompassed in the technical scope of the
present invention.
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EXAMPLES

The following more specifically describes the present
invention with reference to Examples. Note, however, that the
present invention is not limited to Examples.

Example 1
Production of GSH1 Overexpressing Strain

A plasmid was created in which a GSH1 gene (SEQ ID
NO: 2) encoding y-glutamylcysteine synthetase (SEQ ID NO:
1) derived from Chiamydomonas was ligated to a downstream
of'a PsaD gene promoter (PsaD promoter).

Specifically, the circular DNA, pSP124S (see Plant Journal
(1998) Vol. 14(4): 441-447.), which is a vector for Chiamy-
domonas, was cleaved by concurrently treating with restric-
tion enzymes EcoRI and EcoRV. Then, a polynucleotide (ap-
proximately 3.13 kilo-base pairs) of SEQ ID NO: 4 was
ligated to the DNA thus cleaved, and the DNA was closed so
as to form a circular DNA again. This circular DNA was
amplified with the use of Escherichia coli and was then
extracted and purified from FEscherichia coli by use of a
known method.

The polynucleotide represented by SEQ ID NO: 4 was
produced as follows.

(1) A Chlamydomonas reinhardtii CC503 strain (provided
from the Chlamydomonas Center at Duke University, USA)
was cultured for four days in TAP medium at 24° C. while
being irradiated with light in an amount of 50 uE/m*/second.
A cDNA mixture was prepared from cells collected from a
culture thus obtained, by using a cDNA synthesis kit (manu-
factured by Takara Bio Inc., Solid phase cDNA synthesis kit).
Using this ¢cDNA mixture as a template, PCR (annealing
temperature: 58° C.) was carried out with oligonucleotide of
SEQ ID NO: 5 and oligonucleotide of SEQ ID NO: 6 by a
known method. A Chlamydomonas GSH1 gene was thus
collected as a polynucleotide of approximately 2.27 kilo-base
pairs in which a 3'UTR region follows ORF. Further, a termi-
nal structure was processed by using the restriction enzyme
EcoRI.

(2) A genome DNA was prepared from CC503 cells cul-
tured and collected in a similar manner to (1) above, by using
a DNA extraction kit (manufactured by NIPPON GENE CO.,
LTD., Isoplant). Using this genome DNA as a template, PCR
(annealing temperature: 56° C.) was carried out with oligo-
nucleotide of SEQ ID NO: 7 and oligonucleotide of SEQ ID
NO: 8 by a known method. A promoter region of a Chlamy-
domonas PsaD gene was thus collected as a polynucleotide of
approximately 0.86 kilo-base pairs. Further, a terminal struc-
ture was processed by using a restriction enzyme Hpal.

(3) The two kinds of polynucleotide fragments prepared in
(1) and (2) above were ligated to each other with the use of'a
DNA ligase (produced by TOYOBO CO., LTD., Ligation
High) by a known method. As a result of the above experi-
mental operations, a polynucleotide fragment of a PsaD pro-
moter-GSH1 gene whose one end is a blunt end and whose
other end is a sticky end due to EcoRI could be prepared. In
the nucleotide sequence represented by SEQ ID NO: 4, the
sequence from position 853 to position 855 is a start codon,
and the sequence from position 2294 to position 2296 is a stop
codon. Thatis to say, the Chlamydomonas GSH1 gene has the
sequence from position 853 to position 2296 of the nucleotide
sequence represented by SEQ ID NO: 3 as an open reading
frame (ORF).
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(SEQ ID NO:
5'GCTCTCGCCTCAGGCGTT 3!

(SEQ ID NO:
5'GGGGAATTCCTGAGCGAGGGCCTTACAAG 3!

(SEQ ID NO:
5'ATCAGCACACACAGCAGGCTCAC 3!

(SEQ ID NO:
5'TGTTAACCATTTTGGCTTGTTGTGAGTAGC 3!

The plasmid thus produced containing the polynucleotide
of PsaD promoter-GSH1 was linearized with the use of the
restriction enzyme EcoRI, and was then introduced into the
Chlamydomonas reinhardtii CC503 strain (hereinafter
referred to as “Chlamydomonas™) by using electroporation
(see Funct. Plant Biol. (2002) vol. 9: 231-241). A transformed
strain (hereinafter referred to as “GSH1 overexpressing
strain”) in which the polynucleotide was inserted into the
genome DNA and stably inherited to a younger generation
along with cell replication was selected by using acquisition
of bleomycin resistance by the CC503 strain as an indicator.
The insertion of the plasmid DNA containing the polynucle-
otide into the genome DNA was confirmed by a PCR method.

Note that the PsaD gene is a gene involved in photosynthe-
sis. Accordingly, by changing intensity of irradiation light, it
is possible to regulate activity of the PsaD promoter, thereby
regulating an expression amount ofthe GSH1 gene. That is, in
a case where the GSH1 overexpressing strain is irradiated
with strong light, an expression amount of exogenous GSH1
in the GSH1 overexpressing strain becomes large, whereas in
a case where the GSH1 overexpressing strain is irradiated
with weak light, an expression amount of exogenous GSH1 in
the GSH1 overexpressing strain becomes small.

Example 2

The GSHI1 overexpressing strain produced in Example 1
was cultured under a semi-heterotrophic condition with the
use of tris-acetate-phosphate (TAP) medium having pH7 (see
Proc. Natl. Acad. Sci. USA, 54, 1665-1669.), and a growth
capacity and a starch production capacity of the GSH1 over-
expressing strain were evaluated. A CC503 strain (hereinafter
referred to as “parent strain (wild-type strain)”) which is a
wild-type Chlamydomonas strain was used as a control.
Tables 1 and 2 show culture conditions of respective samples.

TABLE 1
Intensity of continuous
Culture irradiation light
Sample Cell type Solution (uE/m?/second)
1 GSHI1 TAP medium 45
overexpressing strain
2 GSHI1 TAP medium + 45
overexpressing strain 8 mM BSO
3 GSHI1 TAP medium 17
overexpressing strain
4  GSH1 TAP medium 80
overexpressing strain
5 parent strain (wild- TAP medium 45
type strain)
6  parent strain (wild- TAP medium + 45
type strain) 8 mM BSO
7 parent strain (wild- TAP medium 17
type strain)
8  parent strain (wild- TAP medium 80
type strain)
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TABLE 2
Intensity of continuous irradiation any of 17, 45,
light (uE/m?/second) and 80
Temperature (° C.) 24
Initial blend ratio of medium amount 95:5
and preculture
Medium used for preculturing TAP medium
Intensity of continuous irradiation 17
light (nE/m?/second) used for
preculturing
Revolving speed of shaking swivel (rpm) 120
Oscillation of shaking swivel (mm) 30
Initial medium amount (mL) 100

Shape and volume (mL) of culture vessel conical flask, 500

L-Buthionine-sulfoximine (abbreviated as BSO (produced
by Sigma-Aldrich Corporation, Model No. B2515) added to
TAP medium in Samples 2 and 6 is an inhibitor for GSH
synthesis.

The result is shown in FIG. 1 and FIG. 2. (a) of FIG. 1 is a
graph showing growth capacities of the respective GSH1
overexpressing strains, and (b) of FIG. 1 is a view showing
states of respective culture solutions 309 hours after start of
culturing. (a) of FIG. 2 is a graph showing growth capacities
ofrespective parent strains (wild-type strains), and (b) of FIG.
2 is a view showing states of respective culture solutions 215
hours after start of culturing. In the graphs of (a) of FIG. 1 and
(a) of FIG. 2, the vertical axis represents an optical density
(OD) and the horizontal axis represents a culture time. The
optical density represented by the vertical axis was measured
by a device (manufactured by TAITEC CORPORATION,
ODSensor-S/ODBox-A) for measuring an OD value on the
basis of a transmission amount of infrared rays (950 nm). The
arrows in the graphs indicate timings at which flow cytometry
(FCM) was carried out.

As shown in (a) of FIG. 1, cells of Samples 1 to 4 allhad a
growth capacity under a semi-heterotrophic condition. Since
there was no significant difference among the growth capaci-
ties of the respective samples, it was confirmed that expres-
sion of an exogenous GSH1 gene does not affect growth of
Chlamydomonas. As shown in (b) of FIG. 1, the culture
solutions became clouded in Samples 1 and 4.

Note that the “semi-heterotrophic” refers to a state in
which (i) acetic acid in medium is mainly used as a carbon
source and (ii), since the cells are irradiated with light and a
culture flask is not sealed, carbon dioxide in the atmosphere is
also used as a carbon source although it makes less contribu-
tion to growth as compared with acetic acid.

The culture solution of Sample 4 which became clouded
was collected in a microtube, and a white precipitation
obtained by centrifugation was subjected to iodostarch reac-
tion. The result is shown in (¢) of FIG. 1. As shown in (¢) of
FIG. 1, white particles collected from Sample 4 were colored
bluish-violet due to the iodostarch reaction. This revealed that
the white particles collected from Sample 4 were aggrega-
tions of starch. Accordingly, it was revealed that starch was
produced in Samples 1 and 4 in which the culture solutions
were clouded. Note that it was considered that starch pro-
duced in the GSH1 overexpressing cells was discharged to an
outside of the cells as starch grains.

Meanwhile, the culture solutions of Samples 2 and 3 were
not clouded. As for Sample 2 in which BSO, which is an
inhibitor for GSH synthesis, was added, it was considered that
starch was not discharged to an outside of the cells because
BSO inhibited GSH synthesis in the GSH1 overexpressing
strain of Sample 2. As for Sample 3 which was irradiated with
weaker light than Samples 1 and 4, it was considered that
starch sufficient to make the culture solution cloudy was not
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discharged to an outside of the cells because an expression
amount of the exogenous GSH1 in the GSH1 overexpressing
strain is smaller than that in Samples 1 and 4.

In contrast, although the cells of Samples 5 to 8 all had a
growth capacity under a semi-heterotrophic condition (see (a)
of FIG. 2), the culture solutions of Samples 5 to 8 did not
become clouded (see (b) of FIG. 2). That is to say, in a case
where the parent strains (wild-type strains) were cultured in
TAP medium while being irradiated with light in an amount
of 80 uE/m?/second, starch grains were not discharged to an
outside of the cells.

Flow cytometry was carried out for more detailed analysis
of the states of the GSH1 overexpressing strain of Sample 4
and the parent strain (wild-type strain) of Sample 8. Specifi-
cally, the cells of Samples 4 and 8 were irradiated with exci-
tation light of 488 nm, and fluorescence intensity in the vicin-
ity of 600 nm was measured. The fluorescence in the vicinity
of 600 nm corresponds to chlorophyll fluorescence. Along
with the chlorophyll fluorescence, fluorescent particles (pro-
duced by Beckman Coulter Inc., product name: Flow count)
were used as an internal control for measuring a cell density.
In this way, fluorescence in the range from 525 nm to 700 nm
emitted by the excitation light of 488 nm was measured.
Further, forward-scattered light and lateral-scattered light
were measured so as to measure cell (particle) size and cell
(particle) internal complexity.

The result is shown in FIG. 3 and FIG. 4. (a) of FIG. 3 is a
histogram for cells (particles) exhibiting chlorophyll fluores-
cence in the parent strain (wild-type strain) of Sample 8, and
(b) of FIG. 3 is a diagram showing a correlation between (i) a
size of particles floating in the culture of the parent strain
(wild-type strain) of Sample 8 and (ii) complexity inside the
particles. (a) of FIG. 4 is a histogram for cells (particles)
exhibiting chlorophyll fluorescence in the GSH1 overex-
pressing strain of Sample 4, and (b) of FIG. 4 is a diagram
showing a correlation between (i) a size of particles floating in
the culture of the GSH1 overexpressing strain of Sample 4
and (i1) complexity inside the particles. Note that each of the
arrows in (a) of FIG. 3 and (a) of FIG. 4 indicates a peak of the
internal control. Note also that each of the rectangular frames
in (b) of FIG. 3 and (b) of FIG. 4 indicates a fraction in which
a living cell exists.

As shown in (a) and (b) of FIG. 3, it was confirmed that
most of the cells in the parent strain (wild-type strain) of
Sample 8 were living cells having a chloroplast (chlorophyll).

Meanwhile, as shown in (a) of FIG. 4, almost no chloro-
phyll fluorescence was detected in the GSH1 overexpressing
strain of Sample 4, and as shown in (b) of FIG. 4, not many
living cells were present inthe GSH1 overexpressing strain of
Sample 4. In (b) of FIG. 4, particles present outside the
rectangular frame were considered as starch grains dis-
charged to an outside of the cells. That is, it was considered
that starch produced in the cells of the GSH1 overexpressing
strain was discharged to an outside of the cells as starch grains
along with death of the cells.

Table 3 shows “density of particles which emitted chloro-
phyll-derived fluorescence as a result of irradiation of exci-
tation light (488 nm)” in (a) of FIG. 3 and (a) of FIG. 4, and
Table 4 shows “density of particles which did not emit chlo-
rophyll-derived fluorescence as a result of irradiation of exci-
tation light (488 nm)” in (a) of FIG. 3 and (a) of FIG. 4. Note
that the number of cells (particles) shown in Tables 3 and 4,
which is expressed by a value obtained by dividing the num-
ber of particles contained in 1 mL of the culture solution by
the cube of 10, was found on the basis of the value of the
internal control.
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TABLE 3

45 pE/m?/sec 45 pE/m?/sec 17 pE/m?/sec 80 pE/m%/sec

No addition ~ Addition of No addition  No addition

of BSO 8 mM BSO of BSO of BSO
Parent strain 11,906 19,633 10,591 10,804
(wild-type
strain)
GSH1 1,451 4,228 2,380 241
overexpressing
strain

TABLE 4

45 pE/m?/sec 45 pE/m?/sec 17 pE/m?/sec 80 pE/m%/sec

No addition ~ Addition of No addition  No addition
of BSO 8 mM BSO of BSO of BSO
Parent strain 48 27 22 57
(wild-type
strain)
GSH1 1,883 602 789 6,708
overexpressing
strain
Example 3

The GSH1 overexpressing strain produced in Example 1
was cultured under a nitrogen-starved condition, and a growth
capacity and a starch grain production capacity of the GSH1
overexpressing strain were evaluated. Specifically, the GSH1
overexpressing strain was cultured at 24° C. for eight days
under shaking on a swivel in a TAP medium as in Example 2,
while being continuously irradiated with light in an amount of
17 puE/m*/second. Subsequently, cells were collected as a
precipitation by centrifugation (2000xg, five minutes) in
order to change culture solutions. A half of the cells thus
collected was resuspended in TAP N-free medium (medium
same as the one devised by Gorman and Levine (see Proc.
Natl. Acad. Sci. USA, 54, 1665-1669, except that ammonium
chloride out of the composition of the TAP medium is sub-
stituted by the same amount of potassium chloride) contain-
ing no nitrogen source. The other half of the cells was resus-
pended in general TAP medium containing ammonium. A cell
density at the time of the resuspension was adjusted to be
approximately 1.1 times that at the end of the preculturing
using the TAP medium. That is, cells contained in 90 mL of
the preculture were resuspended in 100 mL of fresh medium.
The cells were cultured under shaking on a swivel while being
irradiated with light in an amount of 80 uE/m*second, and
part of the culture was separated every day so as to evaluate a
growth capacity and a starch production capacity. A parent
strain (wild-type strain, CC503 strain) was used as a control.
Tables 5 and 6 show culture conditions for respective
samples.

TABLE 5
Sample  Cell type Culture Solution
9 GSHI1 TAP medium (N-containing)

overexpressing strain

10 GSH1 TAP N-free medium
overexpressing strain

11 Parent strain (wild- TAP medium (N-containing)
type strain)

12 Parent strain (wild- TAP N-free medium
type strain)
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TABLE 6
Intensity of continuous irradiation 80
light (uE/m?/second)
Temperature (° C.) 24
Revolving speed of shaking swivel (rpm) 120
Oscillation of shaking swivel (mm) 30
Initial medium amount (mL) 100

Shape and volume (mL) of culture vessel conical flask, 300

The result is shown in FIG. 5 and FIG. 6. FIG. 5 is a graph
showing (i) a time-course for “density of cells (particles) that
exhibit chlorophyll fluorescence” and (ii) a time-course for
“density of cells (particles) that do not exhibit chlorophyll
fluorescence” in Samples 9 and 10. FIG. 6 is a graph showing
(1) a time-course for “density of cells (particles) that exhibit
chlorophyll fluorescence” and (ii) a time-course for “density
of cells (particles) that do not exhibit chlorophyll fluores-
cence” in Samples 11 and 12. In the graphs of FIG. 5 and FIG.
6, the vertical axis represents a density of cells (particles), and
the horizontal axis represents a culture time. In FIG. 5 and
FIG. 6, the time at which the change of the culture solutions
took place is set to culture time 0. In FIG. 5§ and FIG. 6, the
“density of cells (particles) that do not exhibit chlorophyll
fluorescence” corresponds to “density of starch grains™. In (b)
and (c) of FIGS. 5 and 6, “TAP normal” and “TAP N-free” in
the legend represent “TAP medium containing a nitrogen
source” and “TAP medium containing no nitrogen source”,
respectively.

As shown in (a) of FIG. 5, as for the GSH1 overexpressing
strain cultured in the culture solution containing a nitrogen
source, a density of cells having chloroplasts had a tendency
to once increase after start of culturing and then decline.
Meanwhile, as for the GSH1 overexpressing strain cultured in
the culture solution containing no nitrogen source, cells hav-
ing chloroplasts hardly proliferated. A density of starch grains
increased over time regardless of whether a nitrogen source is
present or absent in a culture solution. Further, the density of
starch grains had a tendency to increase as the density of cells
(cells having chloroplasts) in the culture solution declines.

Meanwhile, as shown in (a) of FIG. 6, cells of the parent
strain (wild-type strain) proliferated in the culture solution
containing a nitrogen source, but cells of the parent strain
(wild-type strain) gradually proliferated in the culture solu-
tion containing no nitrogen source. Further, a density of
starch grains in the parent strain (wild-type strain) did not
increase regardless of presence/absence of a nitrogen source
in the culture solution. Although it is reported that accumu-
lation of starch occurs in the parent strain (wild-type strain)
under a nitrogen-starved condition, starch grains are normally
not discharged to an outside of cells even under a nitrogen-
starved condition at the light intensity (80 uE/m?*/second) for
Chlamydomonas culturing. Also in a case where the parent
strain (wild-type strain) was irradiated with light in an amount
of 250 pE/m?*/second, starch grains were not discharged to an
outside of cells although the result is not shown.

Starch contained in fractions separated from the culture
solutions of Samples 9, 10, 11, and 12 at intervals of 1 day or
2 days was quantified. The quantification was carried out with
the use of Glucose Test Wako (produced by Wako Pure
Chemical Industries, L.td.). The result is shown in (b) and (c)
of FIG. 5 and (b) and (c) of FIG. 6.

As shown in (b) of FIG. 5 and (b) of FIG. 6, under a
nitrogen-starved condition, both of (i) a starch concentration
in the culture solution for the GSH1 overexpressing strain and
(ii) a starch concentration in the culture solution for the parent
strain (wild-type strain) increased. Meanwhile, under a con-
dition where nitrogen is not starved (TAP (N-containing)
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medium), the starch concentration in the medium for the
parent strain (wild-type strain) hardly increased, but the
starch concentration in the medium for the GSH1 overex-
pressing strain increased as in the case of the nitrogen-starved
condition.

(c) of FIG. 5 and (c) of FIG. 6 each show an amount of
starch contained in the culture solution per one million cells
having chloroplasts. As shown in (¢) of FIG. 5 and (¢) of FIG.
6, productivity per cells of the GSH1 overexpressing strain
remarkably increased as compared with the parent strain
(wild-type strain) regardless of whether the culturing was
carried out under a nitrogen-starved condition or a condition
where nitrogen is not starved. This means that (i) the GSH1
overexpressing strain is better, in starch accumulation yield
relative to a medium component which is one of raw materi-
als, than the parent strain (wild-type strain), (ii) the GSH1
overexpressing strain is lower in amount of waste made up of
cell components than the parent strain (wild-type strain), and
(iii) the GSH1 overexpressing strain is easier in purification
of starch than the parent strain (wild-type strain). Moreover,
the increased productivity per cell is very advantageous for
proceeding the cells from a cell growth stage to a production
stage since the increased productivity per cell makes it easy to
increase a cell density.

FIG. 19 and FIG. 20 show results of multiple-independent
experiments that are carried out in the same manner as those
of FIG. 5 and FIG. 6 respectively. FIG. 19 is a graph showing
(1) a time-course for “density of cells (particles) that exhibit
chlorophyll fluorescence” and (ii) a time-course for “density
of cells (particles) that do not exhibit chlorophyll fluores-
cence” in Samples 9 and 10, as in FIG. 5. FIG. 20 is a graph
showing (i) a time-course for “density of cells (particles) that
exhibit chlorophyll fluorescence” and (ii) a time-course for
“density of cells (particles) that do not exhibit chlorophyll
fluorescence” in Samples 11 and 12, as in FIG. 6. As shown in
FIG. 19 and FIG. 20, the results obtained by carrying out the
same multiple-experiments as those of FIG. 5 and FIG. 6
showed the same tendencies as those shown in FIG. 5§ and
FIG. 6. It was thus confirmed that data reproducibility is high.

Example 4

The GSH1 overexpressing strain produced in Example 1
was cultured under an autotrophic condition, and a growth
capacity and a starch grain production capacity of the GSH1
overexpressing strain were evaluated. Specifically, the GSH1
overexpressing strain was precultured in TAP medium, and
was then passaged in HSM medium (see Proc. Natl. Acad.
Sci. USA (1960) 46, 83-91.). In the HSM medium, the GSH1
overexpressing strain was irradiated with light while being
supplied with sterile air via a glass tube inserted into a vicinity
ofa culture vessel. A magnetic stirrer was used to stir a culture
solution. Table 7 shows culture conditions in detail. A parent
strain (wild-type strain) was cultured as a control under the
same conditions, and a growth capacity and a starch grain
production capacity the parent strain (wild-type strain) were
evaluated.

TABLE 7
Intensity of continuous irradiation 80
light (pE/m?/second)
Temperature (° C.) 24

Initial Blend ratio of culture amount 12:1

and preculture
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TABLE 7-continued
Medium used for preculturing TAP medium
Intensity of continuous irradiation 17
light (uE/m?/second) used for
preculturing
Aeration amount (L/min) 1to2
Initial Medium amount (mL) 325
Shape and volume (mL) of culture vessel cylindrical media
bottle, 500

In order to maintain a medium amount, which declines due
to transpiration caused by the aeration, at approximately 300
ml, sterile water was timely supplied.

The result is shown in FIG. 7. (a) of FIG. 7 is a graph
showing (i) a time-course for “density of cells (particles) that
exhibit chlorophyll fluorescence” and (ii) a time-course for
“density of cells (particles) that do not exhibit chlorophyll
fluorescence” in the GSH1 overexpressing strain and the par-
ent strain (wild-type strain). (b) of FIG. 7 is a graph showing
a time-course for a starch amount per culture solution. In (a)
of FIG. 7, the vertical axis represents a cell (particle) density,
and the horizontal axis represents a culture time. In (a) of FIG.
7,the time at which the culture under an autotrophic condition
started is set to culture time 0. In (a) of FIG. 7, the “density of
cells (particles) that do not exhibit chlorophyll fluorescence”
corresponds to “density of starch grains”.

As shown in (a) of FIG. 7, the cell density in the GSH1
overexpressing strain increased over time although the rate of
increase was lower than the parent strain (wild-type strain).
Further, the density of starch grains in the GSH1 overexpress-
ing strain had a tendency to linearly increase over time as the
cell density increased. Meanwhile, in the wild-type strain, the
cell density increased, but starch grains were hardly dis-
charged to an outside of the cells.

Further, on the tenth day after start of the culture under the
autotrophic condition, iodostarch reaction for the GSH1 over-
expressing strain and for the parent strain (wild-type strain)
was carried out. Specifically, cells (particles) were collected
from 1 mL of the culture solution for the GSH1 overexpress-
ing strain after centrifugation. Similarly, cells (particles) were
collected from the culture solution for the parent strain (wild-
type strain). The cells (particles) thus collected were treated
with the use of acetone to remove chlorophyll from the cells,
and then iodostarch reaction was carried out. The removal of
chlorophyll was for better viewing of results of the iodostarch
reaction.

The result is shown in FIG. 8. FIG. 8 is a view showing the
result of the iodostarch reaction in the GSH1 overexpressing
strain and the parent strain (wild-type strain). As shown in
FIG. 8, in the GSH1 overexpressing strain, white particles
were colored dark bluish-violet due to the iodostarch reac-
tion. It was thus confirmed that starch grains were discharged
to an outside of the cells in the GSH1 overexpressing strain.
Also in the parent strain (wild-type strain), slight iodostarch
reaction was observed although coloring is weak. This result
suggested that, even under a condition where nitrogen is not
starved, a certain amount of starch is produced also in the
parent strain (wild-type strain) under an autotrophic condi-
tion.

Starch contained in 1 mL of a sample separated every day
from the culture solution for the culture under the autotrophic
condition shown in (a) of FIG. 7 was quantified. Glucose Test
Wako (produced by Wako Pure Chemical Industries, [td.)
was used to quantify the starch.

The resultis shown in (b) of FIG. 7. Start of starch produc-
tion of the GSH1 overexpressing strain was earlier than that of
the parent strain (wild-type strain). Further, a production
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amount of starch in the GSH1 overexpressing strain was
larger than that in the parent strain (wild-type strain) cultured
for the same period of time. For example, on the tenth day
after start of culture, starch concentration in the culture solu-
tion for the GSH1 overexpressing strain was 416.8 mg per 1
L of the culture solution, and starch concentration in the
culture solution for the parent strain (wild-type strain) was
196.4 mg per 1 L of the culture solution. That is, productivity
per culture solution in the GSH1 overexpressing strain was
not less than two times as high as that in the parent strain
(wild-type strain). This means that (i) the GSH1 overexpress-
ing strain is better, in starch accumulation yield relative to a
medium component which is one of raw materials, than the
parent strain (wild-type strain), (ii) an amount of waste made
up of cell components in the GSH1 overexpressing strain is
lower than that in the parent strain (wild-type strain), and (iii)
purification of starch of the GSH1 overexpressing strain is
easier than that of the parent strain (wild-type strain). More-
over, the result of the example shown in (a) and (b) of FIG. 7
suggests that the GSH1 overexpressing strain, in which a cell
growth amount was suppressed relative to a production
amount of starch, is a strain which can more effectively utilize
a medium component than the parent strain (wild-type strain)
and is therefore preferable, to the parent strain (wild-type
strain), as a cell strain for continuous starch production uti-
lizing photosynthesis.

Example 5

The GSH1 overexpressing strain produced in Example 1
was inoculated into 100 mL of TAP medium, and was cul-
tured while being continuously irradiated with light in an
amount of 80 uE/m*/second. An OD value was continuously
monitored on the basis of a transmission amount of infrared
rays (950 nm). Further, 5 mL of a culture solution was sepa-
rated in a logarithmic growth phase or a stationary phase. The
culture solution thus separated was transplanted (passaged)
into 100 mL of fresh TAP medium and the culture was con-
tinued in a similar manner.

FIG. 9 is a view showing a result of analysis of a growth
capacity of the GSH1 overexpressing strain. The arrows in
FIG. 9 indicate timings at which the culture solution was
separated. In FIG. 9, “PRIMARY” means “primary culture”,
“SUBCULTURE 1” means the first-passaged culture from
the primary culture, “SUBCULTURE 2” means the second-
passaged culture from the primary culture, “SUBCULTURE
3” means the third-passaged culture from the primary culture,
and “SUBCULTURE 4” means the fourth-passaged culture
from the primary culture.

As shown in FIG. 9, it was confirmed that the GSH1 over-
expressing strain was capable of newly proliferating as a seed
culture not only in the logarithmic growth phase, but also
approximately 150 hours after entry into the stationary phase.
An approximate line of the primary culture (PRIMARY) in an
exponential growth interval was expressed by y=0.0067x
-0.4287 and R? was 0.9959. An approximate line of the
first-passaged culture (SUBCULTURE 1) in an exponential
growth interval was expressed by y=0.0085x-1.774 and R>
was 0.9952.

However, in a case where a culture obtained approximately
150 hours after entry into the stationary phase was used as a
seed, rising of growth was approximately 18 hours later than
a case where a culture obtained immediately after entry into
the stationary phase was used as a seed. This result revealed
that not all the cells of the GSH1 overexpressing strain are
destined to die by the end of the logarithmic growth phase, but
some cells still have a growth capacity even at the end of the
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logarithmic growth phase. That is, the result revealed that
repeated-batch cultivation can be carried out by using, as
seeds, cells of the GSH1 overexpressing strain in the loga-
rithmic growth phase and cells of the GSH1 overexpressing
strain in the stationary phase.

FIG. 10 shows a result of more detailed analysis of char-
acteristics of the GSH1 overexpressing strain in each growth
phase. FIG. 10 shows a result of analysis of states of the GSH1
overexpressing strain at respective time points for passaging,
(a) of FIG. 10 is a view showing a correlation between cell
size and cell internal complexity in the GSH1 overexpressing
strain during the “SUBCULTURE 1” shown in FIG. 9, (b) of
FIG. 10 is a view showing a correlation between cell size and
cell internal complexity in the GSH1 overexpressing strain
during the “SUBCULTURE 2” shown in FIG. 9, and (¢) of
FIG. 10 is a view showing a correlation between cell size and
cell internal complexity in the GSH1 overexpressing strain
during the “SUBCULTURE 3” shown in FIG. 9.

As shown in FIG. 10, it was confirmed that the GSH1
overexpressing strain discharged starch grains in any culture
phases (the logarithmic growth phase and the stationary
phase). In (a) through (¢) of FIG. 10 each of which shows a
correlation between forward scattering and lateral scattering,
a group of particles at the lower left corner corresponds to
starch grains. It was confirmed from (a) through (¢) of FIG. 10
that plenty of starch grains were contained. The result
revealed that the GSH1 overexpressing strain discharged
starch grains even in the logarithmic growth phase.

Example 6

A shape of starch grains discharged into an outside of cells
of the GSH1 overexpressing strain produced in Example 1
was observed. Specifically, starch grains discharged to an
outside of the cells were suspended in 1 mL of 0.01%
Tween20 (Registered Trademark, produced by Sigma Corpo-
ration, Model No. P1379), dispersed after addition of 9 mL of
Percoll (Registered Trademark, produced by Sigma Corpo-
ration, Model No. P1644), and purified by centrifugation
(9100xg, 30 minutes). The starch grains thus obtained were
observed with the use of a scanning electron microscope.

FIG. 11 is a view showing a result of observation of a shape
of'starch grains discharged to an outside of the cells from the
GSH1 overexpressing strain. (a) of FIG. 11 is a view showing
a result of observation of starch grains with the use of a
scanning electron microscope. As shown in (a) of FIG. 11, it
was confirmed that the starch grains produced by the GSH1
overexpressing strain were extremely small particles of uni-
form sizes whose average particle diameter of the major axis
was 1.3 um (standard deviation 0.181) and whose average
particle diameter of the manor axis was 1.0 pm (standard
deviation 0.204). General starch grains produced by corn,
potato, wheat, or the like are 10 um to 50 um in average
particle diameter. This tells how small the starch grains pro-
duced by the GSH1 overexpressing strain are.

As described above, the starch grains produced by the
GSH1 overexpressing strain are smaller than general starch
grains produced by corn, potato, wheat, or the like. Such
extremely small starch grains are useful for production of
medicines.

The discharge of the starch grains from the GSH1 overex-
pressing strain is discharge accompanying rupture of cells.
Although autolysis occurs almost simultaneously with the
rupture of cells, starch grains themselves are not digested by
an enzyme which causes the autolysis. Accordingly, starch
grains with fewer impurities are obtained in the GSH1 over-
expressing strain.
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Specifically, in a case where autolysis of cells does not
occur, it is necessary to carry out a step of breaking the cells
by chemical or physical means such as grinding in order to
extract starch grains accumulated in the cells. Moreover, frag-
ments of broken cells mix in starch grains as residues. Mean-
while, in a case where autolysis of cells occurs, macromol-
ecules such as protein, carbohydrate, and membrane system
are degraded into lower-molecular substances due to enzyme
reaction. As aresult, an amount of fragments of cells becomes
smaller. Further, since the cells hardly remain, starch grain
production efficiency per raw material (per medium compo-
nent) is high. This means that yield is high. The low-molecu-
lar substances generated by the autolysis are considered as
being available for growth of an alga. Such recycling of the
substances can be expected to lead to saving of medium
necessary for growth of the alga. Autolysis of cells does not
occur in the wild-type strain, and occurs only in the GSH1
overexpressing strain.

(b) of FIG. 11 is a view showing a result of iodostarch
reaction of a starch grain discharged from the GSH1 overex-
pressing strain. As shown in (b) of FIG. 11, it was confirmed
that the starch grain discharged from the GSH1 overexpress-
ing strain was colored bluish-purple due to the iodostarch
reaction just like corn starch used as a comparison.

(c) of FIG. 11 is a view showing a starch production capac-
ity of the GSH1 overexpressing strain in a case where BSO,
which is an inhibitor for GSH synthesis, was added. It was
confirmed that (i) in the GSH1 overexpressing strain to which
BSO was not added, starch was discharged into an outside of
cells since synthesis of GSH was not inhibited, and (ii) in the
GSH1 overexpressing strain to which BSO was added, starch
was not discharged into an outside of the cells since synthesis
of GSH was inhibited.

Example 7

An oil and fat production capacity of the GSH1 overex-
pressing strain was examined. Specifically, the GSH1 over-
expressing strain produced in Example 1 was precultured in
200 mL of TAP medium (containing a nitrogen source) for
four days while being continuously irradiated with light in an
amount of 17 uE/m?*/second. Then, cells contained in 90 mL
of a culture thus obtained were collected by centrifugation
(2000xg, 5 minutes), and the cells thus collected were resus-
pended in fresh nitrogen-source-containing TAP medium
(100 mL) or fresh nitrogen-source-free TAP medium (100
mL), thereby exchanging medium. Subsequently, the cells
were cultured for six days while being continuously irradi-
ated with light in an amount of 80 uE/m*/second. Cells
obtained at the end of the preculture and cells obtained on the
sixth day after the medium change were stained with nile red,
and the cells thus stained were subjected to flow cytometry.

The same experiment was carried out by using, as a control,
a Chlamydomonas reinhardtii CC503 strain (wild-type
strain), which is a parent strain of the GSH1 overexpressing
strain.

FIG. 12 shows a result of analysis of an oil and fat produc-
tion capacity of the GSH1 overexpressing strain, (a) of FIG.
12 is a histogram for cells that exhibit nile-red-derived fluo-
rescence in the parent strain (wild-type strain), (b) of FIG. 12
is a histogram for cells that exhibit nile-red-derived fluores-
cence in the GSH1 overexpressing strain, (¢) of FIG. 12 isa
view showing a result of observation, using a confocal laser
microscope, of the nile-red stained parent strain (wild-type
strain) contained in the preculture, and (d) of FIG. 12 is a view
showing a result of observation, using a confocal laser micro-
scope, of the nile-red stained GSH1 overexpressing strain
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contained in the preculture. In each of the upper histograms in
(a) and (b) of FIG. 12, the light gray peak corresponds to cells
cultured in the nitrogen-source-containing TAP medium, the
white peak corresponds to cells cultured in the nitrogen-
source-free TAP medium, and the rightmost peak (peak with
the highest fluorescent intensity) corresponds to artificial
fluorescent beads (internal control) added to determine a par-
ticle density. Each of the lower histograms in (a) and (b) of
FIG. 12 corresponds to nile-red stained cells contained in the
preculture.

As shown in FIG. 12, all of the three culture samples of the
GSH1 overexpressing strain showed an increased fluorescent
intensity per cell as compared with those of the parent strain.
The three culture samples are (i) a culture sample cultured for
four days in the preculture (containing a nitrogen source), (ii)
a culture sample obtained on the sixth day after the change to
the nitrogen-source-containing medium, and (iii) a culture
sample obtained on the sixth day after the change to the
nitrogen-source-free medium. This result shows that the
GSHI1 overexpressing strain is larger in amount of oils and
fats contained in individual cells than the parent strain (wild-
type strain). Specifically, the fluorescent intensity of the nile-
red-derived fluorescence in the GSH1 overexpressing strain
was approximately the 0.5th power of 10 (about 3.2) times
higher than that in the parent strain (wild-type strain).

FIG. 13 shows a result of analysis of a state of the GSH1
overexpressing strain, (a) of FIG. 13 is a view showing a
correlation between cell size and cell internal complexity in
the GSHI1 overexpressing strain, (b) of FIG. 13 is a view
showing a correlation between cell size and fluorescent inten-
sity of the nile-red-derived fluorescence in the GSH1 overex-
pressing strain, (¢) of FIG. 13 is a view showing a correlation
between cell size and cell internal complexity as to cells
contained in the rectangular region in (b) of FIG. 13, and (d)
of FIG. 13 is a view showing a correlation between cell size
and cell internal complexity in the parent strain (wild-type
strain).

As a result of a gating on a group of particles emitting
strong fluorescence in (b) of FIG. 13 (particles in the rectan-
gular region in (b) of FIG. 13), it was revealed that the cells
emitted strong light, as shown in (c) of FIG. 13. Meanwhile,
it was revealed that extremely small particles (i.e., extremely
small particle group which the starch grains belong to)
detached from the cells did not emit light. It was thus con-
firmed that fine particles made up of oils and fats are not
included in a group of fine particles which exhibit the same
level of forward scattering as the starch grains and the same
level of lateral scattering as the starch grains.

Note that strong emission of nile-red-derived fluorescence
occurs in a case where cells preserve their forms. In a case
where cells are broken and oils and fats contained therein
leave the cells, nile-red-derived fluorescence cannot be
detected (is hard to detect) by a flow cytometer (FCM). This
suggested a possibility that a difference in oil and fat amount
between the GSH1 overexpressing strain and the parent strain
(wild-type strain) is estimated to be lower than an actual value
as the disruption of cells in the GSH1 overexpressing strain
progresses.

In view of this, fatty acids were extracted from the cells of
the GSH1 overexpressing strain and the cells of the parent
strain (wild-type strain) and were then quantitatively ana-
lyzed in order to clarify a difference in oil and fat amount
between the GSH1 overexpressing strain and the parent strain
(wild-type strain). Specifically, fatty acids produced by the
GSHI1 overexpressing strain were collected from the same
cells as those subjected to the flow cytometry (cells obtained
by culturing a GSH1 overproduction strain in the nitrogen-
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source-containing TAP medium or the nitrogen-source-free
TAP medium for six days under continuous application of
light in an amount of 80 uE/m*/second) by a method devel-
oped by Bligh and Dyer (see Can. J. Biochem. Physiol. 37(8):
911-917.), and the fatty acids thus collected were methyl
esterified, and then subjected to gas chromatograph mass
spectrometry (GC/MS). In the GC/MS, pentadecanoic acid
was added as an internal control. An equal amount of penta-
decanoic acid was added to all the samples. The same experi-
ment was carried out by using, as a control, a Chlamydomo-
nas reinhardtii CC503 strain (wild-type strain) which is a
parent strain of the GSH1 overexpressing strain.

Specifically, the following four samples were analyzed
with the GC/MS:

(1) aparent strain (wild-type strain) cultured in the presence
of nitrogen,

(ii) a parent strain (wild-type strain) cultured under a nitro-
gen-starved condition,

(iii) a GSH1 overexpressing strain cultured in the presence
of nitrogen, and

(iv) a GSHI overexpressing strain cultured under a nitro-
gen-starved condition.

Note that the following commercially-available products
were used as fatty acid standards: pentadecanoic acid (pro-
duced by GL Sciences Inc., Model No. 1021-43150), palmitic
acid (produced by Sigma Corporation, Model No. P0500),
palmitoleic acid (produced by Sigma Corporation, Model No.
P9417), stearic acid (produced by Sigma Corporation, Model
No. S4751), oleic acid (produced by Sigma Corporation,
Model No. 01008), linoleic acid (produced by Sigma Corpo-
ration, Model No. 1.1376), and linolenic acid (produced by
Sigma Corporation, Model No. .2376).

FIG. 14 is a view showing a result of the gas chromato-
graph mass spectrometry. As shown in FIG. 14, a peak cor-
responding to palmitic acid (C,4.,), which is one of the stan-
dards, was observed in all the samples. As a result, it was
confirmed that palmitic acid is produced as a fatty acid in the
parent strain (wild-type strain) and the GSH1 overexpressing
strain.

Table 8 shows a result of quantification of an amount of oils
and fats contained in the parent strain (wild-type strain) and
an amount of oils and fats contained in the GSH1 overex-
pressing strain.

TABLE 8
pg/mL culture  pg/million
Cell strain Nitrogen source solution cells
Parent strain Present 4.7 0.3
(wild-type strain) Absent 14.3 1.0
GSHI1 Present 3.9 2.6
overexpressing Absent 54 5.0

strain

As shown in Table 8, it was confirmed that an amount of
oils and fats per one million cells in the GSH1 overexpressing
strain was not less than five times higher than that in the parent
strain (wild-type strain). It was thus confirmed that an amount
of oils and fats contained in a cell of an alga is increased by
increasing a glutathione concentration in a chloroplast of the
alga.

Example 8
It is reported that a Chlamydomonas reinhardtii sta6-defi-

cient mutant strain (referred to also as “sta6 mutant strain™)
contains a larger amount of oils and fats than a wild-type

15

20

25

40

45

50

60

65

34

(Chlamydomonas reinhardtii STAG) strain. It is also reported
that staining oil bodies, which are storages for intracellular
oils and fats, with nile red revealed that the sta6 mutant strain
contains more and larger oil bodies than a wild-type strain
(see Wang et al. (2009) Eukaryotic Cell Vol. 8 (12): 1856-
1868. (Non-Patent Literature 1)).

In view of this, a GSH1 overexpressing strain was pro-
duced by using the sta6-deficient mutant strain as a parent
strain. Specifically, the GSH1 overexpressing strain (referred
to as “GSH1 overexpressing strain (sta6~ background)” was
produced in the same method as that used in Example 1
except for that a CC4333 strain (provided from the Chlamy-
domonas Center at Duke University, USA), which is a sta6
mutant strain, was used instead of the Chlamydomonas rein-
hardtii CC503 strain.

FIG. 15 shows a result of analysis of a state of the GSH1
overexpressing strain (sta6~ background) and a state of the
parent strain (sta6”). (a) of FIG. 15 is a view showing a
correlation between cell size and cell internal complexity in
the parent strain (sta6™), and (b) of FIG. 15 is a view showing
a correlation between cell size and cell internal complexity in
the GSH1 overexpressing strain (sta6~ background).

As shown in FIG. 15, as for the correlation between for-
ward scattering and lateral scattering, no difference could be
recognized between the GSH1 overexpressing strain (sta6™
background) and the parent strain (sta6™). This means that, as
long as the analysis using flow cytometry could tell, no dif-
ference could be recognized in cell size and intracellular
structure between the GSH1 overexpressing strain (sta6~
background) and the parent strain (sta6™).

Next, the GSH1 overexpressing strain (sta6~ background)
was inoculated into 100 mL of TAP medium and precultured
for five days while being continuously irradiated with light in
an amount of 17 uE/m*/second. Then, cells contained in 90
mL of a culture thus obtained were collected by centrifuga-
tion (2000xg, five minutes). The cells thus collected were
resuspended in 90 mL of fresh nitrogen-source-containing
TAP medium or fresh nitrogen-source-free TAP medium,
thereby carrying out medium change. Then, the cells were
further cultured for three days while being continuously irra-
diated with light in an amount of 80 puE/m?*/second. Cells
obtained at the end of the preculture and cells obtained on the
third day after the medium change were stained with nile red,
and the cells thus stained were subjected to flow cytometry.
The same experiment was carried out by using, as a control, a
stab mutant strain (CC4333 strain, sta6™), which is a parent
strain of the GSH1 overexpressing strain (sta6~ background).

FIG. 16 shows a result of analysis of (i) oil and fats pro-
duction capacities of the GSH1 overexpressing strain (sta6™
background) and of the parent strain (sta6™) at the end of the
preculture and (ii) oil and fats production capacities of the
GSHI1 overexpressing strain (sta6~ background) and of the
parent strain (sta6™) on the third day after the medium change.
(a) of FIG. 16 is a histogram for cells exhibiting nile-red-
derived fluorescence in the GSHI1 overexpressing strain
(sta6™ background) and the parent strain (sta6™) at the end of
the preculture, and (b) of FIG. 16 is a histogram for cells
exhibiting nile-red-derived fluorescence in the GSH1 overex-
pressing strain (sta6~ background) and the parent strain
(sta6™) on the third day after the medium change. Note that, in
(a) and (b) of FIG. 16, a result of the parent strain (sta6™) is
shown by the dark gray histogram and a result of the GSH1
overexpressing strain (sta6~ background) is shown by the
light gray histogram.

As shown in (b) of FIG. 16, the GSH1 overexpressing
strain (sta6~ background) on the third day after the medium
change reveals a distribution of fluorescent intensities that is
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shifted towards the higher-intensity side (rightside), as com-
pared with the parent strain (sta6™). This shows that the GSH1
overexpressing strain (sta6~ background) contains a larger
amount of oils and fats in its cells as compared with the parent
strain (sta6™).

It was confirmed from the results that an amount of oils and
fats contained in cells of an alga is increased by increasing a
glutathione concentration in chloroplasts of the alga.

Example 9

The GSH1 overexpressing strain produced in Example 1
was inoculated in tris-acetate-phosphate (TAP) medium of
pH7 (see Proc. Natl. Acad. Sci. USA, 54, 1665-1669.), and
was then cultured under a semi-heterotrophic condition in a
culture chamber at 24° C. while being shaken and continu-
ously irradiated with light in an amount of 100 uE/m*/second.
Cells contained in 1 mL of a culture thus obtained were
collected every other day, and chlorophyll a and chlorophyll
b were extracted from the cells with the use of a solvent
containing 80% acetone and 20% water. Absorbance at the
wavelength of 645 nm and absorbance at the wavelength of
663 nm were measured with the use of a spectrophotometer,
and an amount of chlorophyll a and an amount of chlorophyll
b were calculated from these values by using the calculation
formula advocated by Porra et al. (see Biochim. Biophys.
Acta (1989), Vol. 975, 384-394).

FIG. 17 shows a result of analysis of a chlorophyll amount
of'the GSH1 overexpressing strain produced in Example 1. As
shown in FIG. 17, a total chlorophyll amount (sum of a
chlorophyll a amount and a chlorophyll b amount) increased
along with growth of cells from the fourth day to the tenth day
of culture, but declined thereafter mainly due to degradation
of the chlorophyll a. On the tenth day of culture, the total
chlorophyll amount reached a maximum value of 3.8 ug per 1
mL of a culture solution, which value is smaller than a total
chlorophyll amount (7.6 pg/ml) of the parent strain (wild-
type strain). That is, a total chlorophyll amount per culture
solution in the GSH1 overexpressing strain is smaller than
that in the parent strain (wild-type strain) throughout the
entire culture period.

It can be said that as a total chlorophyll amount per culture
solution becomes smaller, an optical energy loss resulting
from excessive light absorption by an alga body becomes
smaller. In other words, it can be said that in a case where two
strains are subjected to liquid culture under the same amount
of light, one having a smaller total chlorophyll amount per
culture solution allows optical energy to be transmitted
deeper in the culture. There are reports about researches aim-
ing to reduce a chlorophyll antenna size of a photosystem 2 by
reducing an amount of chlorophyll b (see Tanaka et al. (1998)
Proc. Natl. Acad. Sci. USA Vol. 95, 12719-12723 and Polle et
al. (2000) Planta Vol. 211, 335-344). An operation of reducing
an amount of chlorophyll b also has an effect of transmitting
optical energy deeper in a culture.

It is suggested that a change in total amount and composi-
tionratio of pigments associated with photosynthesis contrib-
utes to an increase in productivity of a photosynthate.

As shown in FIG. 17, a total amount and a composition
ratio of pigments can be changed by overexpression of GSH1.
This suggests that the overexpression of GSH1 contributes to
an increase in productivity of a photosynthate.

Example 10

A recombinant DNA molecule was created through the
following procedure for the purpose of expressing gshA,
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which is an Escherichia coli-derived y-glutamylcysteine syn-
thetase gene, in Cyanobacteria Synechococcus.

(1) A recognition site for the restriction enzyme Smal was
made by substituting the 3700th base (adenine) of an Escheri-
chia coli vector pACYC187 (produced by NIPPON GENE
CO., LTD., Model No. 313-02201, SEQ ID NO: 9) with
cytosine. Subsequently, this vector was treated with two kinds
of restrictions enzymes Smal and Sall so as to prepare a DNA
fragment of approximately 2.7 kb containing a chloram-
phenicol-resistant gene and a replication origin (p15A ori).

(2) A DNA fragment (SEQ ID NO: 10) of approximately
1.6 kb containing a gshA gene was prepared by a PCR method
using, as a template, a genome DNA of an Escherichia coli
JM109 strain and using two kinds of primer DNA (SEQ ID
NO: 12 and SEQ ID NO: 13). A PCR fragment thus obtained
was treated with a restriction enzyme Xhol.

(3) The DNA fragments prepared by the processes (1) and
(2) were ligated to each other by a T4ADNA ligase and ampli-
fied with the use of Escherichia coli. Sizes of decomposed
substances digested by various kinds of restriction enzymes
were checked, and it was thus confirmed that a plasmid hav-
ing a structure (hereinafter referred to as “CAT-gshA gene
cassette”) in which gshA is linked to a downstream of the
target chloramphenicol-resistant gene (hereinafter abbrevi-
ated as CAT) was accomplished. This plasmid was named
“pACYC184R-Smal-E.c.gshA”.

(4) Next, a gene region called a replication region for
driving autonomic DNA replication in Cyanobacteria was
cloned. Specifically, a replication region (SEQ ID NO: 11)
contained in a plasmid pAQ1, which is present in a bacterial
body of a Cyanobacteria Synechococcus PCC7002 strain
(American Type Culture Collection ATCC27264), was
amplified by a PCR method with reference to a document
(Akiyama et al. (1999) DNA RESEARCH Vol. 5, 327-334).
Sequences of two kinds of PCR primers used in the PCR
method are represented by SEQ ID NO: 14 and SEQ ID NO:
15, respectively. A PCR fragment of approximately 3.4 kb
thus obtained and a DNA fragment obtained by cleaving the
plasmid vector pZero2 (Registered Trademark, Invitrogen
Corporation) with the use of the restriction enzyme EcoRV
were ligated to each other by a T4ADNA ligase and amplified
with the use of Escherichia coli. Sizes of decomposed sub-
stances digested by various kinds of restriction enzymes were
checked, and it was thus confirmed that a plasmid having a
gene region enabling autonomic replication in the target
Cyanobacteria was accomplished. This plasmid was named
“pZero2-pAQ1l-ori”.

(5) Finally, a gene cassette expressing Escherichia coli
gshA by readthrough of CAT was placed on the plasmid
autonomically replicating in Cyanobacteria. Specifically,
PCR amplification was carried out by using, as a template,
pACYC184R-Smal-E.c.gshA produced in the process (3)
and using two kinds of PCR primers (SEQ ID NO: 16 and
SEQ ID NO: 17). A PCR fragment of approximately 2.7 kb
thus obtained and a DNA fragment of approximately 6.2 kb
obtained by digesting, with the use of the restriction enzyme
Stul, pZero2-pAQl-ori produced in the process (4) were
ligated to each other by a T4ADNA ligase and amplified with
the use of Escherichia coli. Sizes of decomposed substances
digested by various kinds of restriction enzymes were
checked, and it was thus confirmed that a plasmid having the
gene region enabling autonomic DNA replication in the target
Cyanobacteria and the CAT-gshA gene cassette was accom-
plished. This plasmid was named “pSyn5”.

(6) A plasmid for use in a control experiment to be com-
pared with an experiment of introducing pSynS5 into Cyano-
bacteria was constructed. This plasmid has only CAT and
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does not have gshA. Specifically, a PCR amplification was
carried out using, as a template, pACYC184 and using two
kinds of PCR primers (SEQ ID NO: 16 and SEQ ID NO: 18).
A PCR fragment of approximately 1.1 kb thus obtained and a
DNA fragment of approximately 6.2 kb obtained by digest-
ing, with the use of the restriction enzyme Stul, pZero2-
pAQ1-ori produced in the process (4) were ligated to each
other by a T4DNA ligase and amplified with the use of
Escherichia coli. Sizes of decomposed substances digested
by various kinds of restriction enzymes were checked, and it
was thus confirmed that a plasmid having a gene region
enabling autonomic DNA replication in the target Cyanobac-
teria and a CAT gene was accomplished. This plasmid was
named “pSyn3”.

The plasmids pSyn5 and pSyn3 were separately introduced
into respective Cyanobacteria Synechococcus PC7002
strains by a known method (see Fringaard et al. (2004) Meth-
ods in Molecular Biology, Vol. 274, 325-340). Transformants
into which the respective plasmids were introduced were
named “E.c.gshA plus strain” and “E.c.gshA minus strain”,
respectively. In the E.c.gshA plus strain, Escherichia coli-
derived vy-glutamylcysteine synthetase functions. Mean-
while, in the E.c.gshA minus strain, the Escherichia coli-
derived y-glutamylcysteine synthetase is not present.

These two kinds of Cyanobacteria were separately inocu-
lated into 80 mL of Daigo medium (medium in which 500 mg
of Daigo IMK medium (produced by NIHON PHARMA-
CEUTICAL CO., LTD., Model No. 398-01333), 36 g of
artificial seawater SP (produced by NIJHON PHARMACEU-
TICAL CO., LTD., Model No. 395-01343), 1 g of tris(hy-
droxymethyl)aminomethane (produced by NACALAI,
Model No. 35434-21), 1 g of sodium hydrogen carbonate
(produced by Wako Pure Chemical Industries, Ltd., Model
No. 198-01315), and 10 mg of chloramphenicol (produced by

20

25
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Wako Pure Chemical Industries, Ltd., Model No. 034-10572)
are dissolved in 1 L of purified water and subjected to filtra-
tion sterilization) and cultured for three days at 30° C. while
being stirred with supply of atmosphere and continuously
irradiated with light in an amount of 70 uE/m?*/second.

Cells contained in 1 mL of a culture thus obtained were
collected by centrifugation and were suspended in 0.2 mL of
water. Next, after addition of 0.8 mL of acetone, the suspen-
sion was stirred vigorously so as to extract pigments. After
centrifugation, cell residues were removed to obtain a clear
pigment solution, which was then analyzed with a spectro-
photometer to measure an absorbance spectrum thereof.

FIG. 18 shows a result of analysis of absorbance spectra of
pigments extracted from the E.c.gshA plus strain and E.c.g-
shA minus strain, each of which is a transformant of Cyano-
bacteria. (a) of FIG. 18 shows an absorbance spectrum of the
E.c.gshA plus strain, (b) of FIG. 18 shows an absorbance
spectrum of the E.c.gshA minus strain, and (c) of FIG. 18
shows a spectrum obtained by subtracting the spectrum of the
E.c.gshA minus strain from the spectrum of the E.c.gshA plus
strain. Similarly to the result obtained in Example 9, FIG. 18
shows that also in the case of Cyanobacteria, a change in
pigment composition occurred in the E.c.gshA plus strain as
compared with the E.c.gshA minus strain. This reveals that
also in a case where y-glutamylcysteine synthetase is overex-
pressed with the use of Cyanobacteria, effects on photosyn-
thesis that are similar to those of the GSH1 overexpressing
strain produced in Example 1 can be obtained.
Industrial Applicability

According to the present invention, it is possible to more
efficiently produce biomass from an alga at lower cost, as
compared with a conventional art. Since biomass is expected
as a raw material for a biofuel, the present invention is appli-
cable to a wide variety of industries such as energy industry.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 18

<210> SEQ ID NO 1

<211> LENGTH: 479

<212> TYPE: PRT

<213> ORGANISM: Chlamydomonas reinhardtii

<400> SEQUENCE: 1

Met Ala Leu Ala Ser
1 5

Gly Val Gly Arg Arg Gln His

Val Ser

25

Ser Pro

20

Pro Ser Arg Arg Gly Pro Arg Leu

Ala Ala

35

Ala Val Ala Glu

40

Asn Pro Arg Arg Thr Glu

45
Gln Glu
50

Val Leu Ser

55

Leu Asp Tyr Lys Gly Cys Arg

60

Trp Arg Ile Gly Thr Glu His Glu Lys Leu Gly Phe

Met Gln Ile Ala

90

Asn Gln Val

85

Asn Ser Arg Tyr Asp

Glu Ala Phe

100

Glu Ile

105

Arg Gly Trp Pro Met Glu Glu

Val Gln

115

Gly Gln Ser Val Thr Glu

120

Leu Asp Gly Leu

Val

Ser

Pro

Pro

Asn

Leu

Gly

Pro
125

Ser

Pro

Ala Ser

Val His

30

Leu

Arg

Leu

Arg

Arg

Leu Lys

Ser Ala

Ala Asp

Lys Leu

95

Ile Ile

110

Gly

Gly Gln
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-continued

Phe Glu Leu Ser Gly Ala Pro Val Glu Thr Ile His Lys Thr Cys Ala
130 135 140

Glu Val Asn Ser His Leu Tyr Gln Val Lys Ala Ile Cys Glu Glu Leu
145 150 155 160

Gln Thr Gly Phe Leu Gly Val Gly Phe Asp Pro Lys Trp Ala Ile Ser
165 170 175

Asp Val Pro Met Met Pro Lys Gly Arg Tyr Lys Leu Met Lys Ser Tyr
180 185 190

Met Pro Thr Val Gly Ser Met Gly Leu Asp Met Met Phe Arg Thr Cys
195 200 205

Thr Val Gln Val Asn Leu Asp Phe Glu Ser Glu Gln Asp Met Val Glu
210 215 220

Lys Phe Arg Ile Gly Leu Ala Leu Gln Pro Ile Ala Asn Ala Leu Phe
225 230 235 240

Ala Ser Ser Pro Phe Lys Glu Gly Lys Pro Thr Gly Tyr Leu Ser Thr
245 250 255

Arg Gly His Val Trp Thr Asp Val Asp Ala Ser Arg Thr Gly Asn Leu
260 265 270

Pro Phe Val Phe Glu Lys Asp Met Cys Phe Glu Ser Tyr Val Asp Tyr
275 280 285

Ala Met Ala Val Pro Met Tyr Phe Val Tyr Arg Asn Gly Gln Tyr Ile
290 295 300

Asn Ala Leu Gly Met Ser Trp Lys Asp Phe Met Ala Gly Lys Leu Pro
305 310 315 320

Ala Leu Pro Gly Glu Tyr Pro Thr Ile Ala Asp Trp Ala Asn His Leu
325 330 335

Thr Thr Ile Phe Pro Glu Val Arg Leu Lys Lys Phe Leu Glu Met Arg
340 345 350

Gly Ala Asp Gly Gly Pro Trp Arg Met Leu Cys Ala Leu Pro Ala Leu
355 360 365

Trp Val Gly Leu Ile Tyr Asp Pro Glu Ala Gln Arg Gln Ala Leu Ala
370 375 380

Leu Ile Glu Asp Trp Thr Pro Ala Glu Arg Asp Tyr Leu Arg Thr Glu
385 390 395 400

Val Thr Arg Phe Gly Leu Arg Thr Pro Phe Arg Ala Gly Thr Val Gln
405 410 415

Asp Val Ala Lys Gln Val Val Ser Ile Ala His Gly Gly Leu Glu Arg
420 425 430

Arg Gly Tyr Asp Glu Thr Ser Phe Leu Lys Arg Leu Glu Val Ile Ala
435 440 445

Glu Thr Gly Leu Thr Gln Ala Asp His Leu Leu Glu Leu Tyr Glu Thr
450 455 460

Lys Trp Gln Arg Ser Val Asp Pro Leu Tyr Lys Glu Phe Met Tyr

465 470 475

<210> SEQ ID NO 2

<211> LENGTH: 1440

<212> TYPE: DNA

<213> ORGANISM: Chlamydomonas reinhardtii

<400> SEQUENCE: 2

atggctecteg cctcaggegt tggecgtege cagcatgtgt cggectegee ctegegcagt 60

cggggtgtge caageccacg cttgagecect gtccacgega acgegectge ggttgeggag 120
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gaggcaatcg ggcectgtgee ceggttecte aggcagtcag gegecgggtt

tgaagtacgg tatagtgect actcagtgca tcgggceggeg gtgceggatat

cgtgegttge gtgaagettt tggggtegtg tggetteget gtgeggegty

ctcegagatg gtgctgaact ggttgtgaag gtggecggtt cggacttgta

tcaggaattc

<210> SEQ ID NO 5

<211> LENGTH: 18

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 5

getetegect caggegtt

<210> SEQ ID NO 6

<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 6

ggggaattce tgagcgaggg ccttacaag

<210> SEQ ID NO 7

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 7

atcagcacac acagcaggct cac

<210> SEQ ID NO 8

<211> LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 8

tgttaaccat tttggettgt tgtgagtage

<210> SEQ ID NO 9

<211> LENGTH: 4245

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: pACYC187

<400> SEQUENCE: 9

gaattcecgga tgagcattca

gtgcttattt ttctttacgg

ataggtacat tgagcaactg

tatatcaacg gtggtatatc

aaatctcgat aactcaaaaa

tcaggcgggc

tctttaaaaa

actgaaatgce

cagtgatttt

atacgeceegg

aagaatgtga

ggcegtaata

ctcaaaatgt

tttctccatt

tagtgatcett

ataaaggccg

tccagetgaa

tctttacgat

ttagcttect

atttcattat

agtgeggega

gggcttcace

ccagacgagg

aggcectege

gataaaactt

cggtetggtt

gecattggga

tagctectga

ggtgaaagtt

2940

3000

3060

3120

3130

18

29

23

30

60

120

180

240

300
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<210> SEQ ID NO 12

<211> LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 12

gggatgcatg acaggcggga ggtcaatttg

<210> SEQ ID NO 13

<211> LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 13

gggctcegage tgtcaggcegt gtttttecag

<210> SEQ ID NO 14

<211> LENGTH: 40

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 14

ccegtegaca aagcatgecg gatcaagatg ctgcctaaac

<210> SEQ ID NO 15

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 15

agttgagcge ctgagagaat tacc

<210> SEQ ID NO 16

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 16

cagcatcacce cgacgcactt tge

<210> SEQ ID NO 17

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 17

cctaatgcag gagtegeata agggag

<210> SEQ ID NO 18

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer
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-continued

<400> SEQUENCE: 18

gcacacggte acactgcette cgg

23

The invention claimed is:

1. A method for producing an alga having an increased
glutathione concentration in a chloroplast thereof, compris-
ing the steps of:

introducing, into an alga, a polynucleotide encoding a

y-glutamylcysteine synthetase;

cultivating the modified alga into which the polynucleotide

has been introduced; and

carrying out screening for the alga having the increased

glutathione concentration in the chloroplast, by
(a) measuring an expression amount and/or an activity of
an exogenous protein encoded by the polynucleotide
and comparing the expression amount and/or the activ-
ity thus measured with an expression amount and/or an
activity of an endogenous protein in a wild-type alga of
a same species; or

(b) measuring the glutathione concentration in the chloro-
plast obtained from modified alga and comparing the
glutathione concentration thus measured with the glu-
tathione concentration in the chloroplast of a wild-type
alga of the same species cultivated under same condi-
tions.

2. The method according to claim 1, wherein the poly-
nucleotide encoding the y-glutamylcysteine synthetase is
selected from the group consisting of the following (a) to (d):

(a) a polynucleotide encoding a polypeptide consisting of

the amino-acid sequence set forth in SEQ ID NO: 1;
(b) a polynucleotide encoding a polypeptide which con-
sists of an amino-acid sequence with deletion, substitu-
tion, or addition of not more than 10 amino acids in the
amino-acid sequence set forth in SEQ ID NO: 1 and
which has a y-glutamylcysteine synthetase activity;

(c) a polynucleotide consisting of the nucleotide sequence

set forth in SEQ ID NO: 2; and

(d) a polynucleotide which hybridizes under a stringent

condition with a polynucleotide consisting of a nucle-
otide sequence fully complementary to any one of the
polynucleotides (a) through (c) and which encodes a
polypeptide having a y-glutamylcysteine synthetase
activity,

wherein said condition is defined by incubation overnight

at 42° C. in 5xSSC and then washing in 0.1xSSC at
approximately 65° C.
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3. A method for producing biomass, comprising the step of
cultivating an alga produced by the method as set forth in
claim 1.

4. The method according to claim 3, further comprising the
step of irradiating the alga with light.

5. The method according to claim 4, wherein the step of
irradiating the alga with light is carried out under a condition
where nitrogen is not substantially starved.

6. The method of claim 1, wherein the polynucleotide
encoding the y-glutamylcysteine synthetase is a polynucle-
otide encoding a polypeptide consisting of the amino acid
sequence set forth in SEQ ID NO: 1.

7. The method of claim 1, wherein the polynucleotide
encoding the y-glutamylcysteine synthetase is a polynucle-
otide encoding a polypeptide which consists of an amino acid
sequence with a deletion, a substitution, or an addition of not
more than 10 amino acids in the amino acid sequence set forth
in SEQ ID NO: 1 and which has a y-glutamylcysteine syn-
thetase activity.

8. The method of claim 1, wherein the polynucleotide
encoding the y-glutamylcysteine synthetase is a polynucle-
otide consisting of the nucleotide sequence set forth in SEQ
ID NO: 2.

9. The method of claim 1, wherein the polynucleotide
encoding the y-glutamylcysteine synthetase is a polynucle-
otide which hybridizes under a stringent condition defined by
incubation overnight at 42° C. in 5xSSC and then washing in
0.1xSSC at approximately 65° C. with a polynucleotide con-
sisting of a nucleotide sequence fully complementary to any
one of (a) a polynucleotide consisting of the amino acid
sequence set forth in SEQ ID NO: 1, (b) a polynucleotide
encoding a polypeptide which consists of an amino acid
sequence with deletion, substitution, or addition of one or
several amino acids in the amino acid sequence set forth in
SEQID NO: 1 and which has a y-glutamylcysteine synthetase
activity, or (c) a polynucleotide consisting of the nucleotide
sequence set forth in SEQ ID NO: 2.

10. The method of claim 1, wherein the alga is a sta6-
positive strain of alga.

11. The method of claim 1, wherein the alga is a sta6-
deficient strain of alga.

12. An alga produced by the method according to claim 1.

#* #* #* #* #*



	Bibliography
	Drawings
	Description
	Claims



