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ALGAE AND METHOD FOR PRODUCING
SAME, AND METHOD FOR PRODUCING
BIOMASS USING SAID ALGAE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present invention is filed under 35 U.S.C. § 371 as the
U.S. national phase of International Patent Application No.
PCT/IP2015/002634, filed 26 May 2015, which designated
the U.S. and claims the benefit of priority to Japanese Patent
Application No. 2014-111577, filed 29 May 2014, each of
which is hereby incorporated in its entirety including all
tables, figures and claims.

TECHNICAL FIELD

The present invention relates to a modified alga, a method
of producing the same, and a method of biomass production
using the modified alga. More specifically, the invention
relates to a modified alga with increased photosynthetic
productivity.

BACKGROUND ART

Fuels from biomass, or so-called biofuels (such as bio-
ethanol and biodiesel, for example) are promising alterna-
tives to fossil fuels.

Biomass, a raw material for biofuel, includes saccharides
(for example, starch) and oils and fats, and is produced by
plants through photosynthesis. Accordingly, plants which
are capable of active photosynthesis and intracellular accu-
mulation of saccharides or oils and fats can be used as
biomass sources. Corn and soybean are major plants that are
currently used for biomass production. These crops are also
consumed as food and forage, and dramatic increases in
biofuel production would lead to soaring prices of food and
forage, which has been disputed.

Under such circumstances, algae are attracting attention
as alternative biomass sources to corn and soybean (see, for
example, PTLs 1 and 2). Algal biomass production has
advantages such as compatibility with food and forage
supply and the massive algal growth.

For example, some mutants of Chlamydomonas, an alga,
are known which lack a cell wall or have a thinner cell wall
(cwl5 and cw92, for example). These mutants have prop-
erties convenient for introduction of exogenous DNA into
cells, and have been broadly used in gene transfer experi-
ments. They are also helpful for increasing biomass produc-
tivity in that their cell is easily disrupted and facilitates
recovery of contents thereof, and thus are reported to be used
for biomass production. For example, PTL 3 discloses
production of oils and fats using a cell-wall-deficient Chla-
mydomonas mutant. NPL 1 reports that a Chlamydomonas
mutant with the cell wall mutation (cw15) and deficiency of
a starch synthesis gene releases lipid droplets outside the
cell. NPL 2 reports that a cell wall mutant of Chlamydomo-
nas (cwl5) further knocked out for a starch synthesis gene
has increased productivity of oils and fats. NPL 3 is a known
report on cell wall mutants of Chlamydomonas.

PTL 4 reports a technique involving recovery of starch
produced and extracellularly released by an algal source,
Chlorella, and subsequent fermentation of the starch to
produce ethanol. PTL 5 discloses a technique of moditying
an alga to have an increased chloroplastic glutathione con-
centration for increasing its starch productivity.
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SUMMARY OF INVENTION
Technical Problem

Unfortunately, the techniques of algal biomass production
disclosed in PTLs 1 to 4 and NPLs 1 to 3 still need
improvements in productivity. For example, biomass pro-
duction involving culture of an alga under heterotrophic
conditions where acetic acid serves as a carbon source
requires a step of nutrient restriction, such as a step of
providing a nitrogen-deficient condition, for inducing bio-
mass production and accumulation in the alga. Algae are
generally grown in a nitrogen-containing culture medium,
and providing the nitrogen-deficient condition requires
replacement of the culture medium with a nitrogen-free
culture medium. It complicates the process, resulting in
reduced productivity and increased costs. PTL 5 provides a
solution to the issue, but the solution still has room for
improvement in productivity.

The present invention was conceived as a solution to the
existing issues, that is, an object of the invention is to
provide a novel modified alga that can achieve increased
biomass productivity, and use of the alga.

Solution to Problem

The inventors have made various studies mainly for the
purpose of solving the issues, and have consequently found
that suppression of ATGS8 expression in algae can increase
biomass productivity in algal cells. The invention was
completed based on such finding.

The present invention involves the following aspects:
[1]. A modified alga having suppressed expression of ATG8

as compared to that of the reference strain.

[2]. The modified alga according to [1], wherein the alga
overexpresses MEX1.
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[3]. The modified alga according to [2], wherein the alga
comprises an exogenous polynucleotide introduced
therein, the exogenous polynucleotide encoding MEX1.

[4]. The modified alga according to [3], wherein the exog-
enous polynucleotide is one or more polynucleotides
selected from the group consisting of:

(a) a polynucleotide encoding a polypeptide which com-
prises an amino acid sequence set forth in SEQ ID NO: 1 or
SEQ ID NO: 3;

(b) a polynucleotide encoding a polypeptide which com-
prises an amino acid sequence derived from the amino acid
sequence set forth in SEQ ID NO: 1 or SEQ ID NO: 3 and
maintaining the function of MEX1 wherein one or more
amino acids are deleted, substituted, or added in the amino
acid sequence; and

(c) a polynucleotide which is hybridizable with a poly-
nucleotide comprising a base sequence complementary to
that of the polynucleotide (a) or (b) under stringent condi-
tions and encodes a polypeptide having the function of
MEX1.

[5]. The modified alga according to [1], wherein the alga
includes an ATGS8 gene silenced.

[6]. The modified alga according to [5], wherein the alga
includes a miRNA introduced therein, the miRNA having
a base sequence set forth in SEQ ID NO: 5.

[7]. The modified alga according to any one of [1] to [6],
wherein the alga has an increased chloroplastic gluta-
thione concentration as compared to that of the reference
strain.

[8]. A method of producing a modified alga, the method
involving an ATG8 expression suppressing step to sup-
press expression of ATGS.

[9]. The method according to [8], wherein the method
involves a glutathione enrichment step to increase a
chloroplastic glutathione concentration.

[10]. A method of biomass production using a modified alga
that has a suppressed expression of ATGS8 as compared to
that of the reference strain.

[11]. The method according to [10], wherein the method
involves a photoirradiation step to irradiate the alga with
light.

[12]. The method according to [10] or [11], wherein the alga
has an increased chloroplastic glutathione concentration
as compared to that of the reference strain.

[13]. The method according to [12], wherein the photoirra-
diation step is carried out under conditions substantially
without nitrogen deficiency.

[14]. The method according to [13], wherein the method
involves no cell lysis step to disrupt algal cells.

[15]. Starch produced using a modified alga that has sup-
pressed expression of ATG8 as compared to that of the
reference strain.

[16]. The starch according to [15], wherein the alga has an
increased chloroplastic glutathione concentration as com-
pared to that of the reference strain.

As used herein, the term “reference strain” refers to an
algal strain before an inventive modification. Specifically,
“reference strain” refers to an algal strain before a treatment
for suppression of ATG8 expression, more specifically to
that before overexpression of MEX1 or silencing of ATGS.
If a wild-type algal strain is subjected to an inventive
modification, the term “reference strain” refers to the wild-
type strain or an algal strain of the same species. If an algal
strain produced by a preliminary modification (for example,
modification to increase the chloroplastic glutathione con-
centration) is further subjected to an inventive modification,
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4

the term “reference strain” refers to the algal strain produced
by the preliminary modification or an algal strain of the same
species.

Advantageous Effects of Invention

The inventive alga has suppressed expression of ATGS,
and thus can achieve increased intracellular photosynthetic
productivity. Accordingly, the inventive method of biomass
production provides algal biomass production with lower
costs and higher efficiency than traditional methods.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 illustrates the results of measurement of the ATGS
protein expressions in some of the “modified strains with
suppressed expression of ATG8” produced in Example 1.

FIG. 2 illustrates the results of measurement of starch
productions in the “modified strains with suppressed expres-
sion of ATG8” produced in Example 1.

FIG. 3 illustrates the results of measurement of the ATGS
protein expressions in some of the “modified strains with
overexpression of GSH1 and suppressed expression of
ATGS8” produced in Example 1.

FIG. 4 illustrates the results of measurement of starch
productions in some of the “modified strains with overex-
pression of GSH1 and suppressed expression of ATGS”
produced in Example 1 and then cultured.

FIG. 5 illustrates the results of measurement of (a) cell
counts and (b) microparticle counts in some of the “modified
strains with overexpression of GSH1 and suppressed expres-
sion of ATG8” produced in Example 1 and then cultured.

FIG. 6 illustrates the results of measurement of starch
productions in one of the “modified strains with overexpres-
sion of GSH1 and suppressed expression of ATG8” pro-
duced in Example 1 and then cultured.

FIG. 7 illustrates the results of measurement of (a) cell
counts and (b) microparticle counts in the one of the
“modified strains with overexpression of GSH1 and sup-
pressed expression of ATG8” produced in Example 1 and
then cultured.

FIG. 8 illustrates the results of measurement of (a) fatty
acid levels and (b) cell counts in the “modified strains with
overexpression of GSH1 and suppressed expression of
ATGS8” produced in Example 1 and then cultured.

DESCRIPTION OF EMBODIMENTS

Embodiments of the present invention will now be
described in details, but should not be construed to limit the
invention. The invention can be practiced in embodiments
with various modifications to the embodiments below within
the scope of the disclosure. All of the academic and patent
documents mentioned herein are incorporated by reference
in its entirety. As used herein, the expression “A to B”
indicating a numerical range indicates “from A to B, inclu-
sive of A and B”, unless otherwise specified.

1. Inventive Alga

The inventive alga may have any structure having sup-
pressed intracellular expression of ATG8, and should pref-
erably be an alga with increased photosynthetic productivity.

“ATG8” is an abbreviation for “autophagy-related protein
8” and is also referred to as APG8. ATGS is a ubiquitin-like
protein, and is known to form a conjugate with phosphati-
dylethanolamine (hereinafter, the conjugate is referred to as
“ATG8-PE”) and to be involved in the formation of
autophagosomal membranes (see Nakatogawa Het al .
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(2007) Cell 130: 165-178 (non-patent literature)). As used
herein, “suppressed expression of ATG8” refers to reduced
intracellular expression of ATG8 as compared to that of a
reference strain. The reduction of intracellular expression of
ATGS is preferably determined if the intracellular ATGS8
expression in an alga is 0.9 times or less, more preferably
with at least 5% significant difference as determined by
t-test, as compared to that of a reference strain cultured
under the same conditions. The expression of ATG8 by the
alga of the invention is, for example, 90% or less, 80% or
less, 70% or less, 60% or less, 50% or less, 40% or less, 30%
or less, 20% or less, 10% or less, or 0% (less than the lower
limit of detection), of that of a reference strain (see
Examples 2 and 4).

Intracellular expression of ATGS in a reference strain is
preferably measured at the same time and by the same
method as an inventive alga, but may be determined based
on accumulated background data. Intracellular expression of
ATGS in an alga can be determined by any conventional
technique such as Western blotting.

As used herein, “increased photosynthetic productivity”
refers to an increased production of photosynthate as com-
pared to that of a reference strain. The increase in photo-
synthetic productivity is preferably determined if the pro-
duction of photosynthate in an alga is 1.1 times or more,
more preferably with at least 5% significant difference
determined by t-test, as compared to that of a reference
strain cultured under the same conditions. The productivity
can be evaluated from various viewpoints including condi-
tions of photoirradiation (for example, quantity of light,
intensity and duration of irradiation), nutrients applied,
productivity per unit time, whether or not a step of providing
a nutrient-deficient condition is essentially required, and
culture temperature.

As used herein, the term “photosynthate” refers to sub-
stances produced by algae through photosynthetic carbon
fixation, specifically to biomass such as saccharides (for
example, starch) and oils and fats and derivatives (such as
metabolites) thereof. As used herein, “photosynthetic carbon
fixation” is a general term for metabolism of carbon com-
pounds using chemical energy derived from light energy.
Accordingly, the origin of carbon to be incorporated in a
metabolic pathway includes not only inorganic compounds
such as carbon dioxide but also organic compounds such as
acetic acid.

As used herein, the “alga” may be any alga that is capable
of photosynthesis, that is, biosynthesis of photosynthate.
Such an alga include, for example, microalgae belonging to
the class Chlorophyceae within the phylum Chlorophyta.
More specifically, examples of the alga include: species
belonging to the genus Chlamydomonas within the class
Chlorophyceae, such as Chlamydomonas reinhardtii, Chla-
mydomonas moewusii, Chlamydomonas eugametos, and
Chlamydomonas segnis; species belonging to the genus
Scenedesmus within the class Chlorophyceae, such as
Scenedesmus  acumunatus, Scenedesmus  dimorphus,
Scenedesmus disciformis, and Scenedesmus ovaltermus;
species belonging to the genus Dunaliella within the class
Chlorophyceae, such as Dunaliella salina, Dunaliella tertio-
lecta, and Dunaliella primolecta; species belonging to the
genus Chlorella within the class Chlorophyceae, such as
Chlorella vulgaris and Chlorella pyrenoidosa; species
belonging to the genus Haematococcus within the class
Chlorophyceae, such as Haematococcus pluvialis; species
belonging to the genus Chlorococcum within the class
Chlorophyceae, such as Chlorococcum littorale; species
belonging to the genus Botryococcus within the class Chlo-
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rophyceae or Xanthophyceae, such as Botryococcus braunii;
species belonging to the genus Choricystis within the class
Chlorophyceae, such as Choricystis minor; species belong-
ing to the genus Pseudochoricystis within the class Chloro-
phyceae, such as Pseudochoricystis ellipsoidea; species
belonging to the genus Amphora within the class Diato-
mophyceae (e.g., Amphora sp.); species belonging to the
genus Nitzschia within the class Diatomophyceae, such as
Nitzschia alba, Nitzschia closterium, and Nitzschia laevis;
species belonging to the genus Crypthecodinium within the
class Dinophyceae, such as Crypthecodiniumcohnii; species
belonging to the genus Fuglena within the class Eugleno-
phyceae, such as Euglena gracilis and Euglena proxima;
species belonging to the genus Paramecium within the
phylum Ciliophora, such as Paramecium bursaria; species
belonging to the genus Syrechococcus within the phylum
Cyanobacteria, such as Syrechococcus aquatilis and Syn-
echococcus elongatus; species belonging to the genus Spir-
ulina within the phylum Cyanobacteria, such as Spirulina
platensis and Spirulina subsalsa; species belonging to the
genus Prochlorococcus within the phylum Cyanobacteria,
such as Prochlorococcus marinus; and species belonging to
the genus Oocystis within the phylum Cyanobacteria, such
as Qocystis polymorpha.

An alga with suppressed intracellular expression of ATGS8
may be produced by any method that will be described in
detail in a section explaining an inventive method of pro-
ducing a modified alga.

In one embodiment, the inventive alga preferably has
increased intracellular expression and/or activity of MEX1
(maltose transporter gene) as compared to that of a reference
strain. MEX1 is known to serve in a cell as a transporter to
deliver maltose from chloroplast to cytoplasm (see Niittyla
T et al. (2004), Science 303 (5654): 87-89 (non-patent
literature)). Overexpression of MEX1 in algae results in
decreased expression of ATGS.

The inventive alga may include a polynucleotide that has
been expressibly introduced therein and encodes an MEX1
protein. Introduction of such an exogenous polynucleotide
suppresses intracellular expression of ATGS8 in the alga
through overexpression of MEX1.

In other words, the invention provides a transformed
(modified) alga which includes a polynucleotide introduced
therein and encoding an MEX1 protein and has suppressed
intracellular expression of ATGS8. Such a transformed alga
achieves increased photosynthetic productivity as compared
to a reference strain, as will be described below.

The MEX1 protein to be expressed in the alga or the
polynucleotide encoding the MEX1 protein maybe from any
origin if it can be introduced or expressed to exert its action
in a host alga. Examples of such an MEX1 protein or a
polynucleotide encoding the MEX1 protein include MEX1
proteins from the host alga, algae of other species than the
host alga, and other plants, and polynucleotides encoding the
MEX1 proteins. An MEX1 protein from other plant or a
polynucleotide encoding the MEX1 protein is preferably
derived from a plant belonging to the genus Arabidopsis
within the class Dicotyledoneae, for example.

Specific examples of a polynucleotide encoding an MEX1
protein to be expressed include (a) a polynucleotide encod-
ing an MEX1 protein which comprises an amino acid
sequence set forth in SEQ ID NO: 1 and is derived from
Arabidopsis thaliana (the base sequence of such a poly-
nucleotide is set forth in SEQ ID NO: 2); and a polynucle-
otide encoding an MEX1 protein which comprises an amino
acid sequence set forth in SEQ ID NO: 3 and is derived from
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Chlamydomonas reinhardtii (the base sequence of such a

polynucleotide is set forth in SEQ ID NO: 4).

Specific examples of a polynucleotide encoding an MEX1
protein to be expressed also include:

(b) a polynucleotide encoding a polypeptide which com-
prises an amino acid sequence derived from the amino
acid sequence set forth in SEQ ID NO: 1 or SEQ ID NO:
3 and maintaining the function of MEX1 wherein one or
more amino acids are deleted, substituted, or added in the
amino acid sequence; and

(c) a polynucleotide which is hybridizable with a polynucle-
otide comprising a base sequence complementary to that
of the polynucleotide (a) or (b) under stringent conditions
and encodes a polypeptide having the function of MEX1.
Such polynucleotides (a) to (¢) will be described below in
more details.

Other specific examples of a polynucleotide encoding an
MEX1 protein include a polynucleotide encoding an MEX1
protein which comprises an amino acid sequence set forth in
SEQ ID NO: 17 and is derived from Arabidopsis thaliana
(the base sequence of such a polynucleotide is set forth in
SEQ ID NO: 18); and a polynucleotide encoding an MEX1
protein which comprises an amino acid sequence set forth in
SEQ ID NO: 19 and is derived from Chlamydomonas
reinhardtii (the base sequence of such a polynucleotide is set
forth in SEQ ID NO: 20).

In another embodiment, the inventive alga preferably
includes an ATGS8 gene silenced. As used herein, the term
“silencing” refers to decreasing the amount of a specific
messenger RNA. “Silencing” encompasses transcriptional
gene silencing and post-transcriptional gene silencing.
Examples of the transcriptional gene silencing include epi-
genetic silencing, genomic imprinting, paramutation, trans-
poson silencing, transgene silencing, and position effect.
Examples of the post-transcriptional gene silencing include
silencing using microRNA (miRNA), RNA interference, and
nonsense mediated decay. The reduction of intracellular
messenger RNA level is preferably determined if the intra-
cellular messenger RNA level in an alga is 0.9 times or less,
more preferably with at least 5% significant difference
determined by t-test, as compared to that of a reference
strain cultured under the same conditions.

Intracellular messenger RNA level in a reference strain is
preferably measured at the same time and by the same
method as that of an inventive alga, but may be determined
based on accumulated background data. Intracellular mes-
senger RNA level in an alga can be determined by any
conventional technique such as real-time RT-PCR tech-
nique.

Examples of silencing applicable to the invention include
silencing using miRNAs, i.e. low-molecular-weight RNAs
produced from genes coding for primary transcripts of
various sizes. A primary transcript (referred to as “pri-
miRNA”) is subjected to various nucleolytic steps to be
processed into a shorter precursor miRNA or “pre-miRNA”.
The pre-miRNA is present in a folded form, and a resulting
final (mature) miRNA is present in a form of duplex. The
strands of the duplex are referred to as miRNAs (one of
which eventually form a base pair with a target). The
pre-miRNA is a substrate for a dicer that processes the
precursor to generate a miRNA duplex. As with siRNA, one
of the two strands of the miRNA duplex can be then
incorporated into an RNA-induced splicing complex
(RISC). A miRNA can be expressed by gene transfer. It
binds to a target transcript sequence that is only partially
complementary to the miRNA (see, for example, Zeng Y et
al. (2002), Mol. Cell 9: 1327-1333) to inhibit translation of
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the target without affecting levels of non-target RNAs in the
steady state (see, for example, Lee R C et al . (1993), Cell
75: 843-854; and Wightman B et al. (1993), Cell 75:
855-862). Examples of a miRNA applicable to the invention
include artificial microRNAs (amiRNAs), i.e. molecules
designed to induce silencing via the same mechanism as
miRNAs. One of specific examples thereof is an amiRNA
having the base sequence set forth in SEQ ID NO: 5.

An inventive alga with suppressed expression of ATGS8
has increased production and/or accumulation of photosyn-
thate as compared to that of a reference strain without
suppression in expression of ATGS, and thus can allows
algal biomass production with lower costs and higher effi-
ciency than traditional methods.

The inventive alga preferably has both suppressed expres-
sion of ATGS8 and increased chloroplastic glutathione con-
centration.

As used herein, “increased chloroplastic glutathione con-
centration” refers to a higher glutathione concentration in
chloroplast as compared to that of a reference strain. The
increase in chloroplastic glutathione concentration is pref-
erably determined if the chloroplastic glutathione concen-
tration in an alga is 1.1 times or more, more preferably with
at least 5% significant difference determined by t-test, as
compared to that of a reference strain cultured under the
same conditions. The chloroplastic glutathione concentra-
tion of a reference strain is preferably measured at the same
time and by the same method as that of an inventive alga, but
may be determined based on accumulated background data.

The chloroplastic glutathione concentration of an alga can
be directly measured by expressing roGFP2, i.e. a molecular
probe that visualizes the redox state via redox-responsive
changes in its fluorescence color, in chloroplast (see, for
example, Meyer A J et al. (2007), Plant Journal 52: 973-986.
Redox-sensitive GFP in Arabidopsis thaliana is a quantita-
tive biosensor for the redox potential of the cellular gluta-
thione redox buffer; and Gutscher M et al. (2009), Nat
Methods 5: 553-559. Real-time imaging of the intracellular
glutathione redox potential). Alternatively, the increase in
glutathione concentration can be indirectly determined
based on an increase in expression level of a protein
involved in biosynthesis of glutathione or a polynucleotide
encoding such a protein. Expression level of such a protein
or polynucleotide can be appropriately measured by any
conventional technique.

The “glutathione” includes reduced glutathione (herein-
after, referred to as “GSH”) and oxidized glutathione (here-
inafter, referred to as “GSSG”). In a method of the present
invention, GSH and GSSG concentrations may be increased
either alone or together.

The inventive alga preferably has increased chloroplastic
expression and/or activity of at least one protein selected
from the group consisting of y-glutamylcysteine synthetase
(hereinafter, also referred to as “GSH1”), glutathione syn-
thetase (hereinafter, also referred to as “GSH2”), ATP sul-
furylase, adenosine 5'-phosphosulfate reductase, sulfite
reductase, cysteine synthase, and serine acetyltransferase.
These proteins are involved in chloroplastic biosynthesis of
glutathione, and an increased expression thereof indicate an
increased chloroplastic glutathione concentration.

An inventive alga may further include a polynucleotide
introduced therein and encoding at least one protein selected
from the group consisting of GSH1, GSH2, ATP sulfurylase,
adenosine 5'-phosphosulfate reductase, sulfite reductase,
cysteine synthase, and serine acetyltransferase, in addition to
a polynucleotide encoding MEX1 and/or a nucleic acid for
silencing ATG8. An alga which includes such an exogenous
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polynucleotide introduced and expressed (overexpressed)

therein has an increased chloroplastic glutathione concen-

tration.

In other words, the present invention provides a trans-
formed alga which includes a polynucleotide introduced
therein and encoding at least one protein selected from the
group consisting of GSH1, GSH2, ATP sulfurylase, adenos-
ine 5'-phosphosulfate reductase, sulfite reductase, cysteine
synthase, and serine acetyltransferase, in addition to a poly-
nucleotide encoding MEX1 and/or a nucleic acid for silenc-
ing ATGS, and has increased chloroplastic glutathione con-
centration. Such a transformed alga naturally has an
increased photosynthetic productivity.

Such a protein to be expressed in an alga or the poly-
nucleotide encoding the protein may be from any origin if
the protein or polynucleotide can be introduced or expressed
to exert its action in the host alga, and may be either derived
from the host alga, or from algae of other species than the
host alga or from other plants. Preferred examples of the
aforementioned proteins from other plant or polynucleotides
encoding the proteins include those from a plant belonging
to the genus Arabidopsis within the class Dicotyledoneae.

Specific examples of a polynucleotide encoding y-gluta-
mylcysteine synthetase to be expressed include (a) a poly-
nucleotide encoding a y-glutamylcysteine synthetase which
comprises an amino acid sequence set forth in SEQ 1D NO:
6 and is derived from Chlamydomonas reinhardtii (the base
sequence of such a polynucleotide is set forth in SEQ ID
NO: 7).

Specific examples of a polynucleotide encoding y-gluta-
mylcysteine synthetase to be expressed also include:

(b) a polynucleotide encoding a polypeptide which com-
prises an amino acid sequence derived from the amino
acid sequence set forth in SEQ ID NO: 6 and maintaining
the activity of y-glutamylcysteine synthetase wherein one
or more amino acids are deleted, substituted, or added in
the amino acid sequence; and

(c) a polynucleotide which is hybridizable with a polynucle-
otide comprising a base sequence complementary to that
of the polynucleotide (a) or (b) under stringent conditions
and encodes a polypeptide having the activity of y-gluta-
mylcysteine synthetase. Such polynucleotides (a) to (c)
will be described below in more details.

Introduction of such a polynucleotide in the cell of the
inventive alga can be confirmed by any conventional tech-
nique such as PCR, southern hybridization, or northern
hybridization. Alternatively, the introduction of the poly-
nucleotide may also be confirmed by measuring expression
of a protein encoded by the polynucleotide by any conven-
tionally known immunological technique, or by measuring
enzymatic activity of the protein encoded by the polynucle-
otide by any conventional biochemical technique.

An inventive alga with suppressed expression of ATGS8
can achieve increased production and/or accumulation of
photosynthate as compared to that of a reference strain. An
inventive alga with both suppressed expression of ATG8 and
increased chloroplastic glutathione concentration can
achieve more increase in the production and/or accumula-
tion of photosynthate as compared to that of a reference
strain.

An alga with both suppressed expression of ATG8 and
increased chloroplastic glutathione concentration can pro-
duce and/or accumulate photosynthate in a nitrogen-suffi-
cient medium without requiring a nitrogen-deficient
medium, which saves time and effort in replacement of the
medium. Such an alga is also advantageous in that produc-
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tion and/or accumulation of photosynthate thereof can be
readily enhanced by a mere slight improvement in light
conditions.

Such an alga with both suppressed expression of ATG8
and increased chloroplastic glutathione concentration can
cause extracellular transfer of photosynthate accumulated in
the algal cell, which facilitates recovery of photosynthate.
For example, if a photosynthate is starch, starch accumu-
lated during photosynthesis can be transferred outside the
cell as starch granules without requiring disruption of the
algal cell. Accordingly, biomass production using an alga
with suppressed expression of ATG8 and increased chloro-
plastic glutathione concentration enables relatively easy
purification of starch.

The inventive alga increases facility and efficiency in
induction of accumulation of photosynthate and/or recovery
thereof, as compared to traditional techniques. Accordingly,
use of the inventive alga in a method of biomass production
that will be described below provides algal biomass produc-
tion with lower costs and higher efficiency than traditional
methods.

2. Starch Produced by an Inventive Alga

Starch granules produced by an inventive alga are char-
acterized by a minute particle size. For example, general
starch granules produced by plants such as corn, potato, and
wheat have a mean particle size of 10 to 50 pm. In contrast,
starch granules produced by the inventive alga are minute
and uniform in size, with a mean particle size of 1.3 um
(S.D.: 0.181) in a major diameter and 1.0 um (S.D.: 0.204)
in a minor diameter. Starch granules produced by plants such
as rice and quinoa are also minute, with a mean particle size
of about 2 to 3 um, but form an endosperm tissue via
adhesion to each other, as in starch granules produced by
plants such as corn, potato, and wheat. Accordingly, a costly
process such as grinding is required for preparation of
minute starch granules in a form of disaggregated particles
from a raw material such as corn, potato, wheat, rice, or
quinoa. Such minute starch granules are useful in production
of pharmaceutical products. In other words, use of an
inventive alga allows massive production of starch granules
that are minute and uniform in size, and also enables a
relatively easy purification thereof, via transfer of the pro-
duced starch granules outside the algal cell. Further, use of
the inventive alga provides starch granules in a disaggre-
gated form without requiring a process such as grinding.

As explained above, starch granules produced by the
inventive alga are minute as compared to general starch
granules produced by plants such as corn, potato, or wheat.
Such minute starch granules are useful in production of
pharmaceutical products. Specifically, such minute starch
granules have a particle size smaller than a diameter of
bronchioles in lungs, and will be a promising carrier for
delivering a therapeutic agent for a lung disease to the
bronchioles (dry powder inhaler containing a therapeutic
agent combined with minute starch granules).

Such minute starch granules are also expected to be used
in a form of so-called “edible vaccine”, i.e. a peptidic
antigen associated with the starch granule surface (for
example, Dauvillee D et al. (2010) PLoS ONE 5(12):
e15424; and Japanese Unexamined Patent Application Pub-
lication (Translation of PCT Application) No. 2003-500060
(Japanese Patent Application No. 2000-620111) disclose
genetically engineered starch granules produced in Chlamy-
domonas and containing a malarial antigen associated on
their surface.
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3. Inventive Method of Producing Modified Alga

An inventive method of producing an alga produces the
aforementioned modified alga with suppressed intracellular
expression of ATG8 and increased photosynthetic produc-
tivity as compared to that of a reference strain (i.e. the
inventive alga). The inventive method involves at least an
ATGS expression suppressing step to suppress expression of
ATGS in the algal cell, and may involve any other step and
may be practiced under a variety of conditions.

The inventive method of producing a modified alga will
now be described in detail.

(1) ATGS8 Expression Suppressing Step

The ATGS8 expression suppressing step suppresses the
expression of ATGS in an alga.

The expression “suppress the expression of ATG8” refers
to reducing the expression of ATGS in an alga as compared
to that of a reference strain. In other words, an alga after the
ATGS expression suppressing step has decreased expression
of ATG8 as compared to that of a reference strain. The
reduction in expression of ATGS in an alga as compared to
that of a reference strain can be determined by a method
described in the section explaining the inventive alga.

In the ATGS8 expression suppressing step, expression of
ATGS8 may be suppressed by any method that can produce
an alga with decreased expression of ATGS. Examples of
such a method include (i) random mutagenesis in the alga
and (ii) introduction of a substance which suppresses the
expression of ATG8 into the algal cell (or into the algal
genome, in some cases).

The methods (i) and (ii) are now described in detail.

(1) Random Mutagenesis in an Alga

Random mutation may be introduced in an alga by any
method appropriately selected from known techniques. Spe-
cific examples of the method for random mutagenesis
include chemical treatment of an alga (with EMS or NTG,
for example), radioactive mutagenesis, transposon mutagen-
esis, T-DNA mutagenesis, mutagenesis using prokaryotic-
eukaryotic cell conjugation, and physical gene transfer using
a gene gun, for example. For example, mutation may be
introduced into an ATGS8 gene or a gene encoding a protein
which positively controls the expression of ATGS8 by such a
method, so as to decrease the expression of ATGS. Alterna-
tively, mutation may be introduced into a gene encoding a
protein which negatively controls the expression of ATGS by
any of the methods described above, so as to increase the
activity of the protein to decrease the expression of ATGS.

Algae with desired mutation may be screened by any
known method. Examples of the screening method include
selection of mutant algae with suppressed expression of
ATG8 based on the direct measurement of intracellular
expression of ATGS8 as described above, and selection of
mutant algae with increased expression and/or activity of
MEX1 protein.

(i1) Introduction of Substance which Suppresses Expression
of ATGS into Cell

A modified alga with decreased intracellular expression of
ATGS can also be produced by introducing the “substance
which suppresses intracellular expression of ATG8” as
described above, such as (A) a polynucleotide encoding a
protein which suppresses expression of ATG8 or (B) a
polynucleotide having a function of silencing the ATGS8
gene, for example. Such polynucleotides (A) and (B) may be
used either alone or in combination.

As used herein, the term “polypeptide” is interchangeable
with the terms “peptide” or “protein”. As used herein, the
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term “polynucleotide” is interchangeable with the term

“gene”, “nucleic acid” or “nucleic acid molecule” and refers

to a nucleotide polymer.

The “introduction of a polynucleotide” refers to any
process that allows an intended polynucleotide to be
included in the algal cell, and include insertion (introduc-
tion) of the intended polynucleotide in an algal genome.
Successtul introduction of a polynucleotide in an algal cell
can be confirmed by any conventional technique such as
PCR, southern hybridization, or northern hybridization.

Introduction of at least one polynucleotide (A) into an
algal cell increases the expression of a protein which sup-
presses intracellular expression of ATGS, resulting in sup-
pressed expression of ATGS in the cell.

Preferred examples of such a polynucleotide include a
polynucleotide encoding MEX1 (hereinafter, also referred to
as “MEX1 gene”). Such a polynucleotide is preferably from
a plant, more preferably from the host alga, but polynucle-
otides from algae other than the host alga or from higher
plants may also be suitably used.

The “MEX1 gene” is not limited to specific genes.
Examples of MEX1 genes preferred in the invention include
the MEX1 gene of Chlamydomonas used by the inventors in
the Examples. Chlamydomonas MEX1 has the amino acid
sequence set forth in SEQ ID NO: 1, and a gene (full-length
c¢DNA) encoding it has the base sequence set forth in SEQ
1D NO: 2.

Another example of MEX1 genes preferred in the inven-
tion is the MEX1 gene of Arabidopsis thaliana used by the
inventors in the Examples. MEX1 of Arabidopsis thaliana
has the amino acid sequence set forth in SEQ ID NO: 3, and
a gene (full-length cDNA) encoding it has the base sequence
set forth in SEQ ID NO: 4.

In summary, preferred examples of the nucleotide to be
introduced in an alga in the invention include the following
polynucleotides (a) to (c):

(a) a polynucleotide encoding a polypeptide which com-
prises an amino acid sequence set forth in SEQ ID NO: 1
or SEQ ID NO: 3;

(b) a polynucleotide encoding a polypeptide which includes
an amino acid sequence derived from the amino acid
sequence set forth in SEQ ID NO: 1 or SEQ ID NO: 3 and
maintaining the function of MEX1 wherein one or more
amino acids are deleted, substituted, or added in the
amino acid sequence; and

(c) a polynucleotide which is hybridizable with a polynucle-
otide comprising a base sequence complementary to that
of the polynucleotide (a) or (b) under stringent conditions
and encodes a polypeptide having the function of MEX1.
The expression “deletion, substitution, or addition of one

or more amino acids” refers to deletion, substitution, or

addition of any number of amino acids that can be involved
in deletion, substitution, or addition by a known technique of
producing a mutant peptide, such as site-specific mutagen-
esis (preferably ten or less, more preferably seven or less, yet
more preferably five or less amino acids). Such a mutant
protein includes not only proteins having mutation artifi-

cially introduced by a known technique of producing a

mutant polypeptide but also proteins isolated and purified

from naturally-occurring proteins.

It is well-known in the art that one or more amino acids
in an amino acid sequence of a protein may be readily
modified without any significant influence on its original
structure or function. It is also well-known that mutant
proteins include not only artificially modified proteins but
also naturally-occurring mutant proteins that substantially
maintain the structure and function of the original protein.
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Preferred mutants have conservative or non-conservative
amino acid substitution, deletion, or addition, preferably
silent substitution, addition, or deletion. Conservative sub-
stitution is particularly preferred. Such mutation does not
change the polypeptide activity in the present invention.

Typical conservative substitutions include the following
substitutions: one substitution among aliphatic amino acids,
ie. Ala, Val, Leu, and Ile; substitution among hydroxyl
residues, i.e. Ser and Thr; substitution among acidic resi-
dues, i.e. Asp and Glu; substitution among amido residues,
i.e. Asn and Gln; substitution among basic residues, i.e. Lys
and Arg; and substitution among aromatic residues, i.e. Phe
and Tyr.

As used herein, the term “stringent conditions” refers to
conditions where polynucleotides hybridize with each other
only if they have sequence identity of at least 90%, prefer-
ably at least 95%, most preferably at least 97%. Specific
examples of such conditions include conditions involving
overnight incubation in a hybridization solution (containing
50% formamide, 5xSSC (150 mM NaCl, 15 mM trisodium
citrate), 50 mM sodium phosphate (pH: 7.6), 5x Denhardt’s
solution, 10% dextran sulfate, and 20 pg/ml denatured,
sheared salmon sperm DNA) at 42° C., followed by washing
of the filter in 0.1xSSC at about 65° C.

Hybridization can be carried out by any well-known
technique such as the method described in Sambrook J et al.
(2001), Molecular Cloning, A Laboratory Manual, 3rd Ed.,
Cold Spring Harbor Laboratory. In general, a higher tem-
perature or lower salt concentration increases stringency (i.e.
decreases the probability of hybridization). As a result,
hybridization under higher stringency provides a polynucle-
otide with higher homology.

The identity of amino acid sequences or base sequences
can be determined using the BLAST algorithm as described
by Karlin and Altschul (Karlin S, Altschul S F (1990), Proc.
Natl. Acad. Sci. USA 87: 2264-2268; and Karlin S, Altschul
S F (1993), Proc. Natl. Acad. Sci. USA, 90: 5873-5877).
Programs based on the BLAST algorithm, such as BLASTN
and BLASTX, have also been developed (Altschul S F et al.
(1990), J. Mol. Biol. 215: 403-410).

MEX1 genes from other plants than Chlamydomonas may
also be suitably used in the invention. Known examples of
such MEX1 genes include those from Arabidopsis thaliana
(TAIR Accession Gene: 2157491; Name: AT5G17520.1),
Glycine max (NCBI Reference Sequence: XP_003539988),
Oryza sativa (Genbank accession: AGR54532.1), and Malus
domestica (Genbank accession: DQ648082.1).

Alternatively, introduction of the aforementioned poly-
nucleotide (B) into an algal cell can decrease expression of
ATGS in the cell. Examples of such a polynucleotide include
double-stranded RNAs (dsRNAs), small interfering RNAs
(siRNAs), template DNAs for these RNAs, and microRNAs
(miRNAs), as used in a conventional RNA interference
(RNAI) technique. Such polynucleotides inhibit transcrip-
tion and/or translation of an ATG8 gene, for example.

Preferred examples of the miRNA usable in the invention
include, but are not limited to, the miRNA of SEQ ID NO:
5.

“The polynucleotide” used in the inventive method of
producing a modified alga may be a DNA from a genomic
DNA or a ¢cDNA, a chemically synthesized DNA, or an
RNA, and may be appropriately selected depending on the
purpose.

If a polynucleotide used in the inventive method of
producing a modified alga is, for example, an MEX1 gene,
examples of a method of preparing the polynucleotide
include isolating and cloning a DNA fragment encoding
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MEX1 by a known technique. In such a case, a probe is
prepared which can specifically hybridize with a partial base
sequence of a DNA encoding Chlamydomonas MEX1, and
a genomic DNA library or cDNA library is screened with the
probe.

Alternatively, a polynucleotide used in the inventive
method of producing a modified alga may be prepared by an
amplification technique such as PCR. For example, an
MEX1 gene may be prepared by designing a set of primers
based on 5'- and 3'-terminal sequences (or complementary
sequences thereof), respectively, of a cDNA encoding Chla-
mydomonas MEX1; and carrying out a process such as PCR
with the primer set using a genomic DNA (or cDNA) as
template, to amplify a DNA region between the primers.
Such a method allows large-scale preparation of MEX1-
encoding DNA fragments (MEX1 gene) used in the inven-
tion.

The polynucleotide used in the inventive method of
producing a modified alga may be derived from a desired
algal or plant source.

In the inventive method of producing a modified alga, a
polynucleotide may be introduced in an alga by any process.
For example, a polynucleotide may be introduced in an algal
cell by introduction of an expression vector including the
polynucleotide. Such an expression vector may be con-
structed by any conventional technique. For example, “Japa-
nese Unexamined Patent Application Publication No. 2007-
43926” and “Japanese Unexamined Patent Application
Publication No. 10-0570868” disclose methods for construc-
tion of an expression vector and transformation of algae. In
accordance with such methods, a recombinant expression
vector can be constructed by ligating a promoter and a
terminator that act in an algal cell to the upstream and
downstream, respectively, of a polynucleotide to be intro-
duced, and then introduced into the algal cell.

Preferred examples of such a “promoter” include the
Hsp70A/RBc_S2 promoter that has been broadly used for
gene expression in algae and provides high constitutive
expression of transcripts or proteins encoded by a polynucle-
otide to be introduced.

(2) Glutathione Enriching Step

The inventive method of producing a modified alga
preferably further involves a glutathione enriching step to
increase the chloroplastic glutathione concentration of the
alga.

As used herein, the expression “to increase the chloro-
plastic glutathione concentration” refers to increasing a
chloroplastic glutathione concentration in an alga as com-
pared to that of a reference strain. In other words, an alga
after the glutathione enriching step has a higher glutathione
concentration than that of a reference strain. The increase in
the chloroplastic glutathione concentration of the alga as
compared to that of the reference strain can be determined
by a method described in the section explaining the inven-
tive alga.

In the glutathione enriching step, a chloroplastic gluta-
thione concentration maybe increased by any process that
can provide the resulting alga with an increased chloroplas-
tic glutathione concentration. Examples of such a method
include the same methods as in the ATGS8 expression sup-
pressing step and the method described in PTL 5, including
(1) random mutagenesis in an alga of interest by a known
mutagenesis technique; and (ii) introduction of a substance
which increases the chloroplastic glutathione concentration
into the algal cell (or into the algal genome, in some cases).
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(1) Random Mutagenesis in an Alga

Random mutation may be introduced in an alga by any
one appropriately selected from known techniques. Specific
examples of the technique for random mutagenesis include
chemical treatment of an alga (with EMS or NTG, for
example), radioactive mutagenesis, transposon mutagenesis,
T-DNA mutagenesis, mutagenesis using prokaryotic-eu-
karyotic cell conjugation, and physical gene transfer using a
gene gun, for example. For example, mutation is introduced
into a polynucleotide encoding a protein involved in the
glutathione biosynthetic pathway in the chloroplast, such as
GSHI1, GSH2, ATP sulfurylase, adenosine 5'-phosphosulfate
reductase, sulfite reductase, cysteine synthase, or serine
acetyltransferase, so as to increase the expression and/or
activity of the protein, which provides the resulting alga with
an increased chloroplastic glutathione concentration.

Algae with desired mutation may be screened by any
known method. Examples of the screening method include
selection of mutant algae with an increased glutathione
concentration based on the direct measurement of the chlo-
roplastic glutathione concentration as described above, and
selection of mutant algae with increased expression and/or
activity of a protein such as GSH1, GSH2, ATP sulfurylase,
adenosine S5'-phosphosulfate reductase, sulfite reductase,
cysteine synthase, or serine acetyltransferase.

(i1) Introduction of Substance which Increases a Chloroplas-
tic Glutathione Concentration into Cell

A modified alga with an increased chloroplastic gluta-
thione concentration can also be produced by introducing
the “substance which increases a chloroplastic glutathione
concentration” as described above, such as (A) a polynucle-
otide encoding a protein which increases a chloroplastic
glutathione concentration in an alga; or (B) a polynucleotide
having a function of suppressing expression of a protein
which decreases a chloroplastic glutathione concentration in
an alga. Such polynucleotides (A) and (B) may be used
either alone or in combination.

Introduction of at least one polynucleotide (A) into an
algal cell increases expression of a protein which increases
a chloroplastic glutathione concentration, resulting in an
increased chloroplastic glutathione concentration.

Preferred examples of such a polynucleotide include a
polynucleotide encoding y-glutamylcysteine synthetase
(hereinafter, also referred to as “GSHI1 gene”), a polynucle-
otide encoding glutathione synthetase (hereinafter, also
referred to as “GSH2 gene”), a polynucleotide encoding
ATP sulfurylase, a polynucleotide encoding adenosine
S'-phosphosulfate reductase, a polynucleotide encoding
sulfite reductase, a polynucleotide encoding cysteine syn-
thase, and a polynucleotide encoding serine acetyltrans-
ferase. Such polynucleotides are preferably from a plant,
more preferably from the host alga, but polynucleotides
from algae other than the host alga or from higher plants
may also be suitably used.

The “y-glutamylcysteine synthetase (GSH1)” is an
enzyme that catalyzes combination of cysteine with gluta-
mate at the y-position of glutamate through an amido bond,
to synthesize y-glutamylcysteine. The “glutathione syn-
thetase (GSH2)” is an enzyme that catalyzes binding of
glycine to y-glutamylcysteine to synthesize glutathione.

The “GSH1 gene” is not limited to specific genes.
Examples of GSH1 gene preferred in the invention include
the GSH1 gene of Chlamydomonas (CHLRE-
DRAFT_181975) used by the inventors in the Examples.
The Chlamydomonas GSH1 has the amino acid sequence set
forth in SEQ ID NO: 6, and a gene (full-length cDNA)
encoding it has the base sequence set forth in SEQ ID NO:
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7. Translation products of the GSH1 gene of Chlamydomo-
nas include a chloroplast targeting signal peptide in the
N-terminal region. Thus, the translation products of the
GSH1 gene from Chlamydomonas, i.e. Chlamydomonas
GSH], are normally present in the chloroplast.

In summary, preferred examples of the nucleotide to be
introduced in an alga in the invention include the following
polynucleotides (a) to (d):

(a) a polynucleotide encoding a polypeptide which com-

prises an amino acid sequence set forth in SEQ ID NO: 6;
(b) a polynucleotide encoding a polypeptide which com-

prises an amino acid sequence derived from the amino

acid sequence set forth in SEQ ID NO: 6 and maintaining
the y-glutamylcysteine synthetase activity wherein one or
more amino acids are deleted, substituted, or added in the
amino acid sequence; and

(c) a polynucleotide which is hybridizable with a polynucle-
otide comprising a base sequence complementary to that
of the polynucleotide (a) or (b) under stringent conditions
and encodes a polypeptide having y-glutamylcysteine
synthetase activity.

As used herein, the “y-glutamylcysteine synthetase activ-
ity” refers to activity of catalyzing a reaction that forms an
amido bond between cysteine and the y-position of gluta-
mate. The “y-glutamylcysteine synthetase activity” can be
measured by the following method, for example: algal cell
lysate is centrifuged and the supernatant is collected as a
sample; the sample is added to a reaction solution containing
cysteine, glutamate, and ATP; and the amount of y-glutam-
yleysteine synthesized in a certain period of time is mea-
sured. Such measurement is carried out under conditions
with an anti-oxidant measure, such as purging the solution
with nitrogen. Alternatively the y-glutamylcysteine syn-
thetase activity may be measured by determining the amount
of phosphoric acid generated the reaction.

GSHI1 genes from other plants than Chlamydomonas may
also be suitably used in the invention. Known examples of
such GSH1 genes include those from Arabidopsis thaliana
(TAIR Accession Gene: 2127172; Name AT4(G23100.1),
Zinnia elegans (Genbank accession: AB158510), Oryza
sativa (Genbank accession: AJ508915), and Nicotiana taba-
cum (Genbank accession: DQ444219). Translation products
of these genes also include a chloroplast targeting signal
peptide in the N-terminal region, as in the case of Chlamy-
domonas.

Alternatively, introduction of the aforementioned poly-
nucleotide (B) into an algal cell can decrease expression of
a protein which decreases a chloroplastic glutathione con-
centration, resulting in an increased chloroplastic gluta-
thione concentration. Examples of such a polynucleotide
include double-stranded RNAs (dsRNAs), small interfering
RNAs (siRNAs), and template DNAs for these RNAs, as
used in a conventional RNA interference (RNAi) technique.

Preferred examples of the “protein which decreases a
chloroplastic glutathione concentration in an alga” include
CLT1. The “CLT1” is a transporter that delivers glutathione
from the chloroplast to the cytoplasm. The transporter was
first found in Arabidopsis thaliana and designated “CLT1”
(see Maughan S C et al. (2010), Proc. Natl. Acad. Sci. USA
107 (5): 2331-2336). Accordingly, examples of the poly-
nucleotide (B) include polynucleotides intended to decrease
expression of a glutathione transporter, such as CLT1.

(3) Additional Steps

The inventive method of producing a modified alga may
involve a screening step to screen modified algae with
suppressed intracellular expression of ATG8, in addition to
the “ATGS8 expression suppressing step” described above.
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The inventive method of producing a modified alga may also
involve a screening step to screen modified algae with an
increased chloroplastic glutathione concentration in addition
to the “glutathione enriching step” described above.

For example, transformed algae after introduction of a
gene of interest may be first screened by a conventional
chemical screening test based on expression of a drug-
resistant marker, such as kanamycin-resistant or hygromy-
cin-resistant marker. The screened algae may be then tested
to confirm whether the gene of interest has been successfully
introduced therein, by a technique such as PCR, southern
hybridization, or northern hybridization. For example, suc-
cessful transformation can be confirmed in the following
steps of: preparing DNA from a transformed alga; designing
primers specific to the DNA that has been introduced into the
alga; carrying out PCR; subjecting the amplification prod-
ucts to electrophoresis, such as agarose gel electrophoresis,
polyacrylamide gel electrophoresis, or capillary electropho-
resis; and staining the resulting gel with ethidium bromide,
for example, to detect the amplification product of interest.

Transformed algae with suppressed intracellular expres-
sion of ATG8 may be screened by the measurement of
intracellular expression of ATG8 as described above, for
example. Individuals with an increased chloroplastic gluta-
thione concentration may be screened by the measurement
of chloroplastic glutathione concentration as described
above, for example.

4. Inventive Method of Biomass Production

The inventive method of biomass production produces
biomass using a modified alga produced by the aforemen-
tioned method of producing a modified alga which has
suppressed intracellular expression of ATG8 or which has
both suppressed expression of ATG8 and increased chloro-
plastic glutathione concentration, as compared to a reference
strain.

The modified alga and the method of producing a modi-
fied alga according to the invention have been explained
above in the sections “Inventive alga” and “Inventive
method of producing modified alga”, respectively, and
redundant description will be eliminated.

As used herein, the term “biomass” refers to substances
produced by algae through photosynthetic carbon fixation,
including saccharides (for example, starch) and oils and fats,
for example, and is interchangeable with “photosynthate”.

According to the inventive method of biomass produc-
tion, production or accumulation of photosynthate in the
algal cell maybe induced by any method. For example, the
inventive method of biomass production may involve a
photoirradiation step to irradiate the alga with light for
inducing production or accumulation of photosynthate in the
algal cell.

(1) Photoirradiation Step
(1) Modified Alga with Suppressed Expression of ATG8

A modified alga which has suppressed expression of
ATGS but does not have an increased chloroplastic gluta-
thione concentration (modified alga with suppressed ATGS8
expression) is preferably cultured under a nitrogen-deficient
condition for inducing accumulation of photosynthate in the
algal cell. The term “nitrogen-deficient condition™ refers to
culture in a culture medium having an inorganic nitrogen
content of less than 0.001% by weight (calculated as nitro-
gen atom concentration). The term “inorganic nitrogen”
refers to nitrogen such as ammonia nitrogen, nitrite nitrogen,
and nitrate nitrogen, for example. A non-limiting example of
a nitrogen-free culture medium preferred in the invention is
a TAP N-free medium. It has substantially the same com-
position as a known TAP medium, but does not contain a
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nitrogen source. The TAP culture medium is mainly com-
posed of tris(hydroxymethyl)aminomethane (Tris), acetate,
and phosphate, and contains ammonium chloride (0.4 g/1) as
a nitrogen source. Its detailed composition is described in
Fukuzawa H and Kubo T (2009), Teion Kagaku (Low
Temperature Science) 67: 17-21. The TAP N-free culture
medium has substantially the same composition as the TAP
culture medium, except that it contains 0.4 g/1 of potassium
chloride instead of ammonium chloride.

If a polynucleotide having a function of silencing an
ATGS8 gene is used for suppressing expression of ATGS,
such a culture medium preferably contain the polynucle-
otide. The concentration of the polynucleotide in the culture
medium is preferably 10 pg/ml, more preferably 4 pg/ml, for
example.

The sequence of the polynucleotide having a function of
silencing an ATGS8 gene can be designed by a known
technique. For example, the sequence set forth in SEQ ID
NO: 5 can be used suitably. The polynucleotide having a
function of silencing an ATGS8 gene can be incorporated in
a genome of a target alga in combination with a suitable
promoter, so that it is expressed and acts in the target alga.
Alternatively, the polynucleotide may be added to a culture
medium under suitable conditions to exert the function
thereof.

Induction of accumulation of photosynthate does not
require adjustment of light intensity for irradiation of an
alga, but the light intensity may be 40 E/m*/sec or more, for
example, preferably 50 uE/m?*/sec or more, more preferably
60 uE/m?/sec or more, yet more preferably 70 uE/m?/sec or
more, 80 uE/m?/sec or more, 90 uE/m?*/sec or more, or 100
pE/m?/sec or more; and is preferably 1000 pE/m?/sec or less,
for example, more preferably 500 pE/m*/sec or less, yet
more preferably 100 uE/m?/sec or less.

Irradiation with light within such a range requires no
special photoirradiation device. Examples of the light
include sunlight; sunlight qualitatively and quantitatively
adjusted with a mirror, optical fiber, filter, or mesh, for
example; artificial light such as light from an incandescent
lamp, fluorescent lamp, mercury lamp, or light-emitting
diode. The light for irradiation may have a wavelength in a
region suitable for photosynthesis in general algae, prefer-
ably 400 nm to 700 nm, for example.

Alternatively, the photoirradiation step may be carried out
under an autotrophic condition. As used herein, the “auto-
trophic condition” refers to a condition of culturing without
supply of a carbon source other than carbon dioxide. In
detail, the photoirradiation step may be carried out under an
autotrophic condition by irradiating an inventive alga with
light in an HSM culture medium under supply of atmo-
spheric air, for example. The source of carbon dioxide is not
limited to the atmospheric air. Carbon dioxide contained in
flue of thermal power stations or ironworks can also be
supplied to a culture medium at a higher concentration than
in the atmospheric air, which allows increased productivity.

Under an autotrophic condition, carbon dioxide or gas
containing carbon dioxide is transmitted from near the
bottom of a culture vessel (i.e. passed through the solution).
Carbon dioxide diffuses in water at a rate much lower than
in the atmospheric air, which requires stirring the culture
medium to achieve uniform irradiation of the alga. Carbon
dioxide dissolves in water to form anions. A culture medium
with low buffer capacity is rendered more acidic by the
bubbling to decrease the solubility of carbon dioxide, result-
ing in a lower consumption rate of carbon dioxide in
photosynthesis. Thus, the culture medium preferably has
buffer capacity sufficient for maintaining its pH value within
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a neutral to alkaline pH range. Preferred examples of such
a medium include conventional HSM medium.

(i1) Modified Alga with Suppressed Expression of ATG8 and
Increased Glutathione Concentration

A modified alga which has both suppressed expression of
ATGS and increased chloroplastic glutathione concentration
(modified alga with suppressed ATGS8 expression and
increased glutathione concentration) is not required to be
cultured under the nitrogen-deficient condition for inducing
accumulation of photosynthate in the algal cell. Thus, the
photoirradiation step described above may be carried out
under a condition without nitrogen deficiency. As used
herein, the “condition without nitrogen deficiency” refers to
culture in a culture medium having an inorganic nitrogen
content necessary for growth of algae. The inorganic nitro-
gen content in a culture medium necessary for growth of
algae is 0.001% to 0.1% by weight (calculated as nitrogen
atom concentration), preferably 0.005% to 0.05% by weight.
The TAP medium used in the Examples below has an
inorganic nitrogen content of approximately 0.01% by
weight (calculated as nitrogen atom concentration).

Non-limiting examples of a culture medium having an
inorganic nitrogen content necessary for the growth of an
alga with suppressed expression of ATG8 and increased
glutathione concentration include culture media which are
normally used in culturing algae, such as traditional TAP
medium, HSM medium, and ATCC897 medium.

Induction of accumulation of photosynthate does not
require adjustment of light intensity for irradiation of the
alga, but the light intensity may be 1000 uE/m?*/sec or less,
for example, preferably 500 uE/m*/sec or less, more pref-
erably 400 puE/m*/sec or less, 300 pE/m*/sec or less, 200
uE/m?/sec or less, 150 pE/m?*/sec or less, 100 uE/m*/sec or
less, or 80 pE/m?*/sec or less. A lower light intensity for
irradiation increases energy efficiency, resulting in increased
productivity. The modified alga with suppressed expression
of ATG8 and increased glutathione concentration is advan-
tageous in that it can produce photosynthate inside and
outside the cell under a lower light intensity than traditional
wild-type algae. The lower limit of the light intensity for
irradiation may be any value, for example, may be 40
uE/m?/sec, which can be set as a practical value.

Examples of a photoirradiation device for irradiation with
light within such a range include those described above in
case (i).

In one embodiment, the modified alga with suppressed
ATGS expression and increased glutathione concentration
may be cultured in a TAP medium under irradiation with
light of 45 uE/m?/sec to induce accumulation of starch in the
cell. In another embodiment, the modified alga with sup-
pressed ATGS8 expression and increased glutathione concen-
tration may be cultured in a TAP medium under irradiation
with light of 80 pE/m?/sec to induce accumulation of starch
in the cell.

The photoirradiation step of the modified alga with sup-
pressed expression of ATG8 and increased glutathione con-
centration may be carried out under the nitrogen-deficient
condition explained above in case (i). In one embodiment,
the modified alga with suppressed expression of ATG8 and
increased glutathione concentration may be cultured in the
nitrogen-deficient condition (i.e. in the TAP N-free medium)
under photoirradiation with light of 80 uE/m?*/sec to induce
accumulation of starch in the cell.

As described above, the modified alga with suppressed
expression of ATGS8 and increased glutathione concentration
is characterized in that it does not require any step of nutrient
restriction, such as step of providing nitrogen-deficient
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condition, for inducing production of photosynthate. In other
words, in one embodiment of the invention using the modi-
fied alga with suppressed expression of ATG8 and increased
glutathione concentration, the method may be practiced
substantially without carrying out a nutrient restriction step,
such as a step of providing a nitrogen-deficient condition
(i.e. such a method involves substantially no nutrient restric-
tion step). Such a feature simplifies the process, resulting in
increased photosynthetic productivity.

Alternatively, the photoirradiation step may be carried out
under the autotrophic condition explained above in case (i).
(2) Additional Step

The inventive method of biomass production may further
involve a step of recovering photosynthate in addition to the
aforementioned “photoirradiation step”.

(1) Modified Alga with Suppressed Expression of ATG8

If a modified alga which has suppressed expression of
ATGS but does not have increased chloroplastic glutathione
concentration (modified alga with suppressed ATGS8 expres-
sion) is used in the inventive method of biomass production,
starch granules may be recovered by lysing the cell and then
subjecting the lysate to a separation procedure, such as
leaving the lysate to stand for spontaneous precipitation,
centrifugation, or sieving. The separation procedure may be
selected based on physical properties of the starch granules
and the algal cell lysate, such as particle size and/or specific
gravity.

(i1) Modified Alga with Suppressed Expression of ATG8 and
Increased Glutathione Concentration

If a modified alga which has both suppressed expression
of ATGS and increased chloroplastic glutathione concentra-
tion (modified alga with suppressed expression of ATGS8 and
increased glutathione concentration) is used in the inventive
method of biomass production, the cell can be induced to
export the starch accumulated therein outside the cell in the
form of starch granules. If the photosynthate is starch, the
step of recovering photosynthate may be practiced by sepa-
rating the exported starch granules from the alga and recov-
ering the separated starch granules. The exported starch
granules may be separated from the alga by any method,
including a separation procedure such as standing for spon-
taneous precipitation, centrifugation, or sieving. The sepa-
ration procedure may be selected based on physical prop-
erties of the starch granules and the algal cell lysate, such as
particle size and/or specific gravity.

In the inventive method of biomass production, in either
of cases (i) and (ii), use of the inventive alga or an alga
produced by the inventive method of producing a modified
alga increases the facility and efficiency in both inducing
accumulation of photosynthate and recovery of the photo-
synthate, as compared to traditional techniques. Accord-
ingly, the inventive method of biomass production provides
algal biomass production with lower costs and higher effi-
ciency than traditional methods.

The invention should not be construed to the aforemen-
tioned embodiments. Various modifications are possible
within the scope of the claims, and embodiments formed by
appropriately combining technical features disclosed in dif-
ferent embodiments are also encompassed within the tech-
nical scope of the invention.

EXAMPLES

The present invention will now be described in more
details by way of Examples, but should not be construed to
be limited to the Examples.
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Example 1

Production of Modified Algae

<Production of Modified Strain with Suppressed Expression
of ATGS: 1>

The MEX1 gene (SEQ ID NO: 4) encoding the MEX1
protein from Chlamydomonas reinhardtii (SEQ ID NO: 3;
hereinafter, referred to as “CrMEX1”) was ligated to the
downstream of the Hsp70A/RBc_S2 promoter to prepare a
plasmid.

Specific procedure was as follows: A circular DNA vector
for Chlamydomonas, pChlamyl (available from Life Tech-
nologies Corporation) was sequentially treated with restric-
tion enzymes Kpn I and Not I to be cleaved (DNA fragment
1). A polynucleotide (about 1.7 kbp) consisting of nucleo-
tides 163 to 1830 of the sequence set forth in SEQ 1D NO:
8 was prepared by the following method.

Chlamydomonas veinhardtii CC-503 strain (supplied
from Chlamydomonas Genetics Center at Duke University,
US) was cultured in a TAP medium for four days at 24° C.
and under irradiation with light with an intensity of 50
uE/m?/sec. The cells were then collected from the culture,
and a ¢cDNA mixture was prepared from the cells using a
c¢DNA synthesis reagent kit (Solid phase ¢cDNA synthesis
kit; available from TAKARA BIO INC.). The cDNA mixture
was used as a template, and was subjected to PCR with
oligonucleotides having sequences of SEQ ID NO: 9 and
SEQ ID NO: 10, respectively, in accordance with a known
technique (annealing temperature: 68° C.). A Chlamydomo-
nas MEX1 gene was thereby collected as a polynucleotide
of about 1.7 kbp including the ORF followed by the 3'UTR
region. The polynucleotide was further treated with the
restriction enzymes Kpn I and Not I to process its terminal
structure (DNA fragment 2).

The DNA fragments 1 and 2 were ligated or recircularized
to each other. The circular DNA was amplified with Escheri-
chia coli, and the amplification products were extracted
from E. coli and were purified, in accordance with a known
technique.

This procedure generated the base sequence set forth in
SEQ ID NO: 8 in the circular DNA molecule. In the base
sequence of SEQ ID NO: 8, nucleotides 1 to 3 form the start
codon, and nucleotides 1286 to 1288 form the stop codon. In
other words, the Chlamydomonas MEX1 gene includes
nucleotides 1 to 1288 of the base sequence set forth in SEQ
ID NO: 8 as the open reading frame (ORF). Nucleotides 9
to 153 of the base sequence form an intron sequence.

The resulting plasmid including the polynucleotide for
Hsp70A-Rbc_S2 promoter-CrMEX1 was linearized with a
restriction enzyme Sca I, and the linearized plasmid was
introduced in the Chlamydomonas reinhardtii CC-503 strain
by glass beads technique (see Kindle K L (1990), Proc. Natl.
Acad. Sci. USA 87: 1228-1232). The transformed strain was
screened to select a strain which included the polynucleotide
inserted in the genomic DNA and exhibited stable inheri-
tance of the polynucleotide to the next generation through
the cell replication. The screening was based on the exhi-
bition of hygromycin resistance by the transformed CC-503
strain. Insertion of the plasmid DNA including the poly-
nucleotide into the genomic DNA was confirmed by PCR
technique.

The produced algal strain with overexpression of
CrMEX1 is referred to as “modified strain with suppressed
expression of ATG8 (CC-503/CrMEX10x)”.
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<Production of Modified Strain with Suppressed Expression
of ATGS: 2>

An MEXI1 gene (SEQ ID NO: 2) encoding the MEX1
protein from Arabidopsis thaliana (SEQ ID NO: 1; herein-
after, referred to as “AtMEX1”) was ligated to the down-
stream of the Hsp70A/RBc__ 2 promoter to prepare a plas-
mid.

Specific procedure was as follows: A circular DNA vector
for Chlamydomonas, pChlamy3 (available from Life Tech-
nologies Corporation) was sequentially treated with restric-
tion enzymes Kpn I and Not I to be cleaved (DNA fragment
3). A polynucleotide (about 1.3 kbp) consisting of nucleo-
tides 163 to 1442 of the sequence set forth in SEQ ID NO:
11 was prepared by the following method.

Arabidopsis thaliana, Columbia strain was grown for
three weeks at 22° C. under diurnal conditions with a light
period (100 uE/m?*/sec) of 16 hours and a dark period of
eight hours. A cDNA mixture was prepared from the plant as
in <Production of modified strain with suppressed expres-
sion of ATG8: 1>. The cDNA mixture was used as a
template, and was subjected to PCR with oligonucleotides
having sequences of SEQ ID NO: 12 and SEQ ID NO: 13
in accordance with a known technique (annealing tempera-
ture: 68° C.). The ORF of the Arabidopsis thaliana MEX1
gene was thereby collected as a polynucleotide of about 1.3
kbp. The polynucleotide was further treated with the restric-
tion enzymes Kpn I and Not I to process its terminal
structure (DNA fragment 4).

The DNA fragments 3 and 4 were ligated or recircularized
to each other. The circular DNA was amplified in Escheri-
chia coli, and the amplification products were extracted
from E. coli and were purified, in accordance with a known
technique.

This procedure generated the base sequence set forth in
SEQ ID NO: 11 in the circular DNA molecule. In the base
sequence of SEQ ID NO: 11, nucleotides 1 to 3 form the start
codon, and nucleotides 1412 to 1414 form the stop codon. In
other words, the Arabidopsis thaliana MEX1 gene includes
nucleotides 1 to 1414 of the base sequence set forth in SEQ
ID NO: 11 as the open reading frame (ORF). Nucleotides 9
to 153 of the base sequence form an intron sequence.

The prepared plasmid including the polynucleotide for
Hsp70A-Rbc_S2 promoter-AtMEX1 was linearized with a
restriction enzyme Sca I, and the linearized plasmid was
introduced in the Chlamydomonas reinhardtii CC-503 strain
by glass beads technique (see Kindle K L (1990), Proc. Natl.
Acad. Sci. USA 87: 1228-1232). The transformed strain was
screened to select a strain which included the polynucleotide
inserted in the genomic DNA and exhibited stable inheri-
tance of the polynucleotide to the next generation through
the cell replication. The screening was based on the exhi-
bition of hygromycin resistance by the transformed CC-503
strain. Insertion of the plasmid DNA including the poly-
nucleotide into the genomic DNA was confirmed by PCR
technique.

The produced algal strain with overexpression of
AtMEX1 is referred to as “modified strain with suppressed
expression of ATG8 (CC-503/AtMEX10x)”.
<Production of Modified Strain with Suppressed Expression
of ATGS: 3>

A DNA sequence complementary to the silencing con-
struct (SEQ ID NO: 5; hereinafter, referred to as “ATG8-
amiRNA”) which specifically suppresses expression of the
endogenous ATGS8 gene of Chlamydomonas was ligated to
the downstream of the PSAD promoter, to prepare a plas-
mid.
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Specific procedure was as follows: A circular DNA vector
for Chlamydomonas, pChlamiRNA3 (Molnar A et al.
(2009), Plant Journal 58: 165-174) was treated with a
restriction enzyme Spe I to be cleaved (DNA fragment 5).
An oligonucleotide (134 bp) consisting of the sequence set
forth in SEQ ID NO: 14 was prepared by the following
method. Two single-stranded oligonucleotides consisting of
the sequences of SEQ ID NO: 15 and SEQ ID NO: 16,
respectively, were chemically synthesized. These two oli-
gonucleotides were mixed and heated to 100° C., and then
the temperature was gradually decreased to prepare a
double-stranded oligonucleotide with a 5'-terminal protrud-
ing single-stranded DNA sequence consisting of four bases
(5'-CTAG) (DNA fragment 6).

The DNA fragments 5 and 6 were ligated or circularized
to each other using DNA Ligase (available from TAKARA
BIO INC.). The circular DNA was amplified in Escherichia
coli, and the amplification products were extracted from F.
coli and were purified, in accordance with a known tech-
nique.

This procedure generated the base sequence set forth in
SEQ ID NO: 14 in the circular DNA molecule. In the base
sequence of SEQ ID NO: 14, nucleotides 6 to 28 and
nucleotides 71 to 93 form base sequences which provide
specificity for silencing of ATGS8 in Chlamydomonas. In
other words, the ATG8-amiRNA was designed so that the
template DNA, i.e. the base sequence set forth in SEQ ID
NO: 5 including the sequence of SEQ ID NO: 14, was
transcribed to RNA under regulation by the PSAD promoter
in the cell.

The prepared plasmid including the polynucleotide for
PSAD promoter-ATG8-amiRNA was linearized with a
restriction enzyme Sca I, and the linearized plasmid was
introduced in the Chlamydomonas reinhardtii CC-503 strain
by glass beads technique (see Kindle K L (1990), Proc. Natl.
Acad. Sci. USA 87: 1228-1232). The transformed strain was
screened to select a strain which included the polynucleotide
inserted in the genomic DNA and exhibited stable inheri-
tance of the polynucleotide to the next generation through
the cell replication. The screening was based on the exhi-
bition of paromomycin resistance by the transformed
CC-503 strain. Insertion of the plasmid DNA including the
polynucleotide into the genomic DNA was confirmed by
PCR technique.

The produced algal strain with suppressed expression of
ATGS is referred to as “modified strain with suppressed
expression of ATG8 (CC-503/ATG8amiRNA)”.
<Production of Strain with Overexpression of GSH1>

A strain with overexpression of GSHI1 (referred to as
22-2) was produced in accordance with the method
described in PTL5 in Example 1.
<Production of Modified Strain with Overexpression of
GSHI1 and Suppressed Expression of ATGS: 1>

A transformed strain was produced by introducing a
polynucleotide of the cell strain 22-2 with overexpression of
CrGSHI in the genome of the polynucleotide of Hsp70A-
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Rbc_ 2 promoter-CrMEX1, as in <Production of modified
strain with suppressed expression of ATGS: 1>.

The produced algal strain with suppressed expression of
ATGS is referred to as “modified strain with overexpression
of GSH1 and suppressed expression of ATG8 (22-2/
CrMEX1ox)”.
<Production of Modified Strain with Overexpression of
GSH1 and Suppressed Expression of ATG8: 2>

A transformed strain was produced by introducing a
polynucleotide of the cell strain 22-2 with overexpression of
CrGSHI in the genome of the polynucleotide of Hsp70A-
Rbc_S2 promoter-AtMEX1, as in <Production of modified
strain with suppressed expression of ATGS8: 2>.

The produced algal strain with suppressed expression of
ATGS is referred to as “modified strain with overexpression
of GSH1 and suppressed expression of ATG8 (22-2/
AtMEX10x)”.
<Production of Modified Strain with Overexpression of
GSH1 and Suppressed Expression of ATG8: 3>

A transformed strain was produced by introducing a
polynucleotide of the cell strain 22-2 with overexpression of
CrGSH1 in the genome of the polynucleotide of PSAD
promoter-ATG8-amiRNA, as in <Production of modified
strain with suppressed expression of ATGS8: 3>.

The produced algal strain with suppressed expression of
ATGS is referred to as “modified strain with overexpression
of GSH1 and suppressed expression of ATG8 (22-2/ATGS8-
amiRNA)”.

Example 2

Influences on the Expression of ATGS in the
Wild-type Strain by the Overexpression of MEX1

The modified strains with suppressed expression of ATG8
produced in Example 1 (CC-503/CrMEX1ox and CC-503/
AtMEX1ox) were cultured and analyzed to determine the
expression of ATGS. In detail, each strain with suppressed
expression of ATG8 was cultured in a TAP medium under
shaking, and the cells were collected after 72 hours. The
cells were then lysed and analyzed by western blotting. The
wild-type Chlamydomonas strain CC-503 (hereinafter,
referred to as “parent strain (wild-type strain)”) was used as
a control.

The results are shown in FIG. 1 illustrating the expres-
sions of the ATGS8 protein in the clones produced in the
Example, and indicating that the expression of ATG8 was
suppressed in the cells with overexpression of MEX1 (see
CC-503/CrMEX1ox clones 1, 2, 3, and 16; and CC-503/
AtMEX1ox clones 1, 2, 11, 12, 15, and 18). The expression
level of the ATGS protein in each clone is shown in the table
below. Each expression level is a relative value (%) to that
of the parent strain (wild-type strain).

TABLE 1

CC-503/CrMEX10x CC-503/AtMEX1ox

CC-503 1

11 12 15 18

100% 58%

49%

40% 111% 115% 71% 71% 63% 31% 42% 22% 79%
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25 26
Example 3 Example 4
Influences on the Starch Production in the Influences on ATGS8 Expression in the Strain with
Wild-type Strain by Overexpression of MEX1 and Overexpression of GSHI by Overexpression of
Silencing of ATG8 5 MEX1

The modified strains with overexpression of GSH and
suppressed expression of ATG8 produced in Example 1
(22-2/CrMEX10x and 22-2/AtMEX10x) were cultured and
analyzed to determine the expression of ATGS. In detail,
each strain with suppressed expression of ATG8 was cul-

The modified strains with suppressed expression of ATG8
produced in Example 1 (CC-503/CrMEX1ox and CC-503/
AtMEX1ox) were transferred into a nitrogen-sufficient TAP
medium at a cell density of 0.5x10* cells/ml, and then were 10

cultured under shaking ar;d continuous irradiation with a4 i 2 TAP medium under shaking, and the cells were
light intensity of 100 pE/m*/sec (preliminary culture). When  ¢ojjected after 96 hours. The cells were then lysed and
the cells during the preliminary culture reached the loga- analyzed by western blotting. The strain with overexpres-
rithmic phase, the culture was centrifuged to collect the sion of GSH1 (22-2) was used as a control.

cells. The cells were then resuspended in a nitrogen-deficient 15 The results are shown in FIG. 3. FIG. 3(a) illustrates the
TAP medium (TAP N-free medium) at a cell density of  expressions of the ATGS8 protein in clones of a strain with

5.0x10° cells/ml (replacement of medium). Cells were col- overexpression of GSH and suppressed expressions of ATG8
lected to determine the amount of starch therein, just after (22-2/CrMEX10x). FIG. 3(b) illustrates the expressions of
the replacement of the medium and after shaking culture in the ATG8 protein in clones of another strain with overex-
the nitrogen-deficient TAP medium (TAP N-free medium) 20 pression of GSH and suppressed expression of ATG8 (22-
for 24 hours. The determined value is an amount of starch 2/AtMEX1o0x). The leftmost lane in each figure represents
per culture (calculated as glucose level). The wild-type the control (22-2). The results shown in FIG. 3 indicate that
strain CC-503 was used as a control. the cells with overexpression of GSH1 and MEX1 exhibited

The strain genetically modified to provide a cell with the suppressed expression of ATG8 and ATG-8PE (see 22-2/
ATG8-targeting RNA silencing construct (ATG8-amiRNA) 25 CrMEX1ox clones 1, 3, 5, 6, 7; and 22-2/AtMEX10x clones
was transferred into a nitrogen-sufficient TAP medium at a 1,2,3,4,6,7, and 16). The expressions of the ATGS protein
cell density of 0.5x10* cells/ml, and then were cultured in the individual clones are shown in the table below. Each
under shaking and continuous irradiation with a light inten- expression level is a relative value (%) to that of the parent
sity of 100 uE/m?*/sec (preliminary culture). When the cells strain (wild-type strain).

TABLE 2

22-2/CrtMEX1ox 22-2/AtMEX1ox

22-2 1 2 35 6 7 1 2 3 4 6 7 8 16 17

100% 71% 118% 0 0 2% 0 64% 88% 58% 77% 57% 48% 121% 80% 102%

during the preliminary culture reached the logarithmic Example 5

phase, the culture was centrifuged to collect the cells. The 49

cells were then resuspended in a nitrogen-deficient TAP Influences on Starch Production in Strains with
medium (TAP N-free medium) at a cell density of 5.0x10° Overexpression of GSH1 by Overexpression of
cells/ml (replacement of medium). Cells were collected to MEX1

determine the amount of starch therein, just after the replace-

ment of the medium and after shaking culture in the nitro- 45  The strains with overexpression of GSH1 and suppressed
gen-deficient TAP medium (TAP N-free medium) for 24 expression of ATG8 produced in Example 1 (22-2/
hours. The determined value is an amount of starch per CrMEX1ox and 22-2/AtMEX1ox) were cultured and ana-
culture (calculated as glucose level). The wild-type strain lyzed to determine the amount of starch. In detail, the cells
CC-503 was used as a control. were cultured in a TAP agar medium, and a small amount of

. . . 50 the culture was then removed and transferred to a TAP liquid
The results are shown in FIG. 2 illustrating amounts of medium with a plastic inoculation loop. The cells were
starch measured at 0 h and 24 h after the replacement of the cultured under shaking and continuous irradiation with a

medium with the TAP N-free medium. The results for light intensity of 10 uE/m?*/sec (preliminary culture). When
CC-503/CrMEX10x clone 3 and CC-503/AtMEX10x clone the cells during the preliminary culture reached the station-

15 are shown as representative. The amount of starch was 55 ary phase, the culture was centrifuged to collect the cells.

calculated as glucose level per culture (mg glucose/dL The cells were then diluted in a fresh TAP liquid medium at
culture). a cell density of 1.0x10* cells/ml, and were cultured under
FIG. 2 demonstrates that the MEX1-overexpressing shaking and continuous irradiation with an intensity of light

modified cells (CC-503/CtMEXlox and CC-503/ of 100 uE/m?/sec (main culture). The strain with overex-
AtMEX1ox) and the ATG8-silenced modified cells (CC- 60 pression of GSHI (22-2) was used as a control.

503/ATG8-amiRNA) had an increased amount of starch Th.e. results are shown in FIG. 4 FIG. 4((1.) 111ustrgtes t.h N
. transition of the amount of starch in the modified strain with
(starch accumulation) per culture after 24 hours, as com-

/ ) o overexpression of GSH1 and suppressed expression of
pared to that of the wild-type strain. The results indicate that ATGS (22-2/CtMEX10x), and FIG. 4(b) illustrates the tran-
the amount of starch was increased by indirect suppression s sition of the amount of starch in another modified strain with
of ATG8 expression through overexpression of MEX1, or overexpression of GSH1 and suppressed expression of
direct suppression of ATG8 expression. ATGS8 (22-2/AtMEX10x). The results for 22-2/CrMEX10x
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clone 3 and 22-2/AtMEX1o0x clone 7 are shown as repre-
sentative. In each figure, the vertical axis represents amounts
of' starch per culture calculated as glucose level (mg glucose/
dL culture), and the horizontal axis represents culture time
in the main culture process.

FIG. 4 demonstrates that the modified strains with over-
expression of GSH1 and suppressed expression of ATG8
(22-2/CrMEX1ox and 22-2/AtMEX1o0x) had an increased
amount of starch per culture after 96 hours from the initia-
tion of the main culture, as compared to that of the strain
with overexpression of GSH1 (22-2). Such results indicate
that the overexpression of MEX1 and the suppression of
ATGS8 expression increase an amount of starch.

Example 6

Influences on the Cell Proliferation in the Strain
with Overexpression of GSH1 by the
Overexpression of MEX1

The modified strains with overexpression of GSH1 and
suppressed expression of ATG8 produced in Example 1
(22-2/CrMEX1ox clone 3 and 22-2/AtMEXlox clone 7)
were cultured and analyzed to determine the amount of
starch. In detail, the cells were cultured in a TAP agar
medium, and a small amount of the cells was then removed
and transferred to a TAP liquid medium with a plastic
inoculation loop. The cells were cultured under shaking and
continuous irradiation with an intensity of light of 10
uE/m?/sec (preliminary culture). When the cells during the
preliminary culture reached the stationary phase, the culture
was centrifuged to collect the cells. The cells were then
diluted in afresh TAP liquid medium at a cell density of
1.0x10* cells/ml, and were cultured under shaking and
continuous irradiation with an intensity of light of 100
pE/m?*/sec (main culture). The strain with overexpression of
GSH1 (22-2) was used as a control.

The results are shown in FIG. 5. FIG. 5(a-1) illustrates the
transition of the cell count of the modified strain with
overexpression of GSH1 and suppressed expression of
ATGS8 (22-2/CrMEX10x), and FIG. 5(a-2) illustrates the
transition of the cell count of another modified strain with
overexpression of GSH1 and suppressed expression of
ATGS (22-2/AtMEX10x). FIG. 5(6-1) illustrates the transi-
tion of the microparticle count of the modified strain with
overexpression of GSH1 and suppressed expression of
ATGS8 (22-2/CrMEX10x), and FIG. 5(5-2) illustrates the
transition of the microparticle count of another modified
strain with overexpression of GSH1 and suppressed expres-
sion of ATG8 (22-2/AtMEX1o0x). In the graphs shown in
FIG. 5(a), the vertical axis represents the cell counts per
culture (mL culture), and the horizontal axis represents the
culture time in the main culture process. In the graphs FIG.
5(b), the vertical axis represents the counts of non-cellular
microparticles per culture (mL culture), and the horizontal
axis represents the culture time in the main culture process.

FIGS. 5(a-1) and 5(a-2) demonstrate that the cell prolif-
eration was promoted in the modified strains with overex-
pression of GSH1 and suppressed expression of ATGS
(22-2/CrMEX10x and 22-2/AtMEX10x) as compared to the
control, i.e. the strain with overexpression of GSH1 (22-2).
FIGS. 5(b-1) and 5(b-2) demonstrate that the modified
strains with overexpression of GSH1 and suppressed expres-
sion of ATG8 (22-2/CrMEX1ox and 22-2/AtMEX10x) had
a higher microparticle count after about 96 hours from the
initiation of the culture, as compared to the strain with
overexpression of GSH1 (22-2). The microparticles are
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presumed to be starch granules leaking from dead cells into
the medium. Accordingly, the results suggest that extracel-
lular release of starch was promoted.

Example 7

Influences on the Starch Production in the Strain
with Overexpression of GSH1 by ATG8 Silencing

The modified strain with overexpression of GSH1 and
suppressed expression of ATG8 produced in Example 1
(22-2/ATG8amiRNA) was cultured and analyzed to observe
the cell proliferation and the amount of starch. In detail, the
cells were cultured in a TAP agar medium, and a small
amount of the cells was then removed and transferred to a
TAP liquid medium with a plastic inoculation loop. The cells
were cultured under shaking and continuous irradiation with
an intensity of light of 10 pE/m?*/sec (preliminary culture).
When the cells during the preliminary culture reached the
stationary phase, the culture was centrifuged to collect the
cells. The cells were then diluted in a fresh TAP liquid
medium at a cell density of 1.0x10* cells/ml, and were
cultured under shaking and continuous irradiation with a
light intensity of 100 uE/m*/sec (main culture). The strain
with overexpression of GSH1 (22-2) was used as a control.

The results are shown in FIG. 6. FIG. 6 illustrates the
transition of the amount of starch, where the vertical axis
represents the amounts of starch per culture calculated as
glucose level (mg glucose/dl. culture) and the horizontal
axis represents culture time in the main culture process.

FIG. 6 demonstrates that the modified strain with over-
expression of GSH1 and suppressed expression of ATG8
(22-2/amiATG8) exhibited an increase in the amount of
starch per culture after 72 hours from the initiation of the
main culture, as compared to that of the strain with over-
expression of GSH1 (22-2). Such results indicate that sup-
pressing the expression of the ATG8 gene further increases
the amount of accumulated starch in the strain with over-
expression of GSHI.

Example 8

Influences on the Cell Proliferation in the Strain
with Overexpression of GSH1 by ATG8 Silencing

The modified strain with overexpression of GSH1 and
suppressed expression of ATG8 produced in Example 1
(22-2/ATG8amiRNA) were cultured and analyzed to
observe the cell proliferation and the amount of starch. In
detail, the cells were cultured in a TAP agar medium, and a
small amount of the cells was then removed and transferred
to a TAP liquid medium with a plastic inoculation loop. The
cells were cultured under shaking and continuous irradiation
with a light intensity of 10 uE/m?*/sec (preliminary culture).
When the cells during the preliminary culture reached
almost the stationary phase, the culture was centrifuged to
collect the cells. The cells were then diluted in afresh TAP
liquid medium at a cell density of 1.0x10* cells/ml, and were
cultured under shaking and continuous irradiation with a
light intensity of 100 uE/m*/sec (main culture). The strain
with overexpression of GSH1 (22-2) was used as a control.

The results are shown in FIG. 7. FIG. 7(a) illustrates the
transition of the cell count, and FIG. 7(5) illustrates the
transition of the microparticle count. In the graph (a), the
vertical axis represents the cell counts per culture (mL
culture), and the horizontal axis represents the culture time
in the main culture process. In the graph (b), the vertical axis
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represents the microparticle counts per culture (mL culture),
and the horizontal axis represents the culture time in the
main culture process.

FIG. 7(a) indicates that the cell proliferation was pro-
moted in the modified strain with overexpression of GSH1
and suppressed expression of ATG8 (22-2amiATGS8) as
compared to that of the control strain with overexpression of
GSHI1 (22-2). FIG. 7(b) indicates that the modified strain
with overexpression of GSH1 and suppressed expression of
ATGS8 (22-2amiATGS8) had a higher microparticle count
after 120 hours from the initiation of culture as compared to
that of the strain with overexpression of GSH1 (22-2). The
microparticles are presumed to be starch granules leaking
from dead cells into the medium. Accordingly, the results
suggest that extracellular release of starch was promoted.

Example 9

Influences on the Production of Oils and Fats in the
Strain with Overexpression of GSH1 by
Suppression of ATG8 Expression

The modified strains with overexpression of GSH1 and
suppressed expression of ATG8 (22-2/CrMEXlox, 22-2/
AtMEX1ox, and 22-2/ATG8amiRNA) produced in Example
1 were cultured and analyzed to determine the amount of oils
and fats. The strain with overexpression of GSH1 (22-2) was
used as a control. Each strain was cultured under the same
conditions as in Example 6, except that the light intensity in
the continuous irradiation in the main culture was 170
pE/m?*/sec. A part of each culture was daily collected in a
glass tube and was cryopreserved until the analysis.

Oils and fats were collected from the cells by the follow-
ing procedure. The gaseous phase of the glass tube was
purged with nitrogen, and 20 pg of pentadecanoic acid was
added as internal control for determination of oils and fats.
A suitable amount of a methanol-hexane mixture (1:1) was
added, and then the resulting mixture was stirred and left to
stand. The solution was then centrifuged to be separated into
aqueous and organic solvent phases. The organic solvent
fraction was transferred to a different glass tube, and was
dried under vacuum. The product was dissolved in a suitable
amount of hexane, and was mixed with a suitable amount of
2.5% methanolic sulfuric acid solution. The gaseous phase
of the glass tube was purged with nitrogen gas, and the glass
tube was heated at 80° C. for one hour. After the glass tube
was cooled to a room temperature, 1 ml of saturated aqueous
sodium carbonate solution was added, and the mixture was
stirred. The solution was then centrifuged, and the organic
solvent phase was collected and dried under vacuum. The
product was dissolved in 200 pL of hexane, and the solution
was injected in a gas chromatograph/mass spectrometer
(Clarus SQ8; available from PerkinElmer, Inc.) and was
analyzed to determine fatty acid methyl esters, using a
column Elite-225 available from PerkinElmer, Inc. (length:
30 m, inner diameter: 0.25 mm, film thickness: 0.25 um).
The oven was heated at 3° C./minute to 200° C. and then was
maintained at 200° C. for 6.5 minutes.

Commercially available fatty acid methyl esters were
used to generate a calibration curve. The sum of palmitic
acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), lino-
leic acid (C18:2), and linolenic acid (C18:3) was calculated
as the amount of fatty acids. FIGS. 8(a) and 8(b) illustrate
the measured amount of fatty acids and cell count, respec-
tively. The vertical axis represents amounts of fatty acids
(pg) or cell count (x10° cells) per culture (mL culture), and
the horizontal axis represents the culture time (days) after
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the initiation of the main culture. The results for 22-2/
CrMEX1ox clone 1 and 22-2/AtMEX10x clone 7 are shown
as representative.

FIG. 8 demonstrates that the modified strains with over-
expression of GSH1 and suppressed expression of ATG8
accumulated more fatty acids and reached to the maximum
level in a shorter culture time, as compared to the strain with
overexpression of GSH1 (22-2). Such results indicate that
suppression of ATG8 expression increases an amount of oils
and fats.

INDUSTRIAL APPLICABILITY

The present invention provides algal biomass production
with lower costs and higher efficiency than traditional meth-
ods. Biomass is a promising raw material for biofuels, and
therefore the invention is applicable to a wide variety of
industries including the energy industry.

SEQUENCE LISTING FREE TEXT

SEQ ID NO: 1: an amino acid sequence of an MEX1 protein
derived from Arabidopsis thaliana

SEQ ID NO: 2: a base sequence of a polynucleotide encod-
ing the MEX1 protein derived from Arabidopsis thaliana

SEQ ID NO: 3: an amino acid sequence of an MEX1 protein
derived from Chlamydomonas reinhardtii

SEQ ID NO: 4: a base sequence of a polynucleotide encod-
ing the MEX1 protein derived from Chlamydomonas
reinhardtii

SEQ ID NO: 5: a base sequence of ATG8-amiRNA

SEQ ID NO: 6: an amino acid sequence of y-glutamylcys-
teine synthetase derived from Chlamydomonas rein-
hardtii

SEQ ID NO: 7: a base sequence of a polynucleotide encod-
ing y-glutamylcysteine synthetase derived from Chlamy-
domonas reinhardtii

SEQ ID NO: 8: a base sequence of a template of Chlamy-
domonas reinhardtii MEX1 cDNA

SEQ ID NO: 9: a base sequence of a primer used in
amplification of the template of Chlamydomonas rein-
hardtii MEX1 ¢cDNA

SEQ ID NO: 10: a base sequence of a primer used in
amplification of the template of Chlamydomonas rein-
hardtii MEX1 ¢cDNA

SEQ ID NO: 11: a base sequence of a template of Arabi-
dopsis thaliana MEX1 cDNA

SEQ ID NO: 12: a base sequence of a primer used in
amplification of a template of Arabidopsis thaliana
MEX1 ¢cDNA

SEQ ID NO: 13: a base sequence of a primer used in
amplification of a template of Arabidopsis thaliana
MEX1 ¢cDNA

SEQ ID NO: 14: a base sequence of a template of ATG8-
amiRNA

SEQ ID NO: 15: a base sequence of a single-stranded
oligonucleotide for the synthesis of ATG8-amiRNA

SEQ ID NO: 16: a base sequence of a single-stranded
oligonucleotide for the synthesis of ATG8-amiRNA

SEQ ID NO: 17: an amino acid sequence of an MEX1
protein derived from Arabidopsis thaliana

SEQ ID NO: 18: a base sequence of a polynucleotide
encoding the MEX1 protein derived from Arabidopsis
thaliana

SEQ ID NO: 19: an amino acid sequence of an MEX1
protein derived from Chlamydomonas reinhardtii

SEQ ID NO: 20: a base sequence of a polynucleotide
encoding the MEX1 protein derived from Chlamydomo-
nas reinhardtii
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 20

<210> SEQ ID NO 1

<211> LENGTH: 422

<212> TYPE: PRT

<213> ORGANISM: Arabidopsis thaliana
<400> SEQUENCE: 1

Met Ala Arg Arg Phe Glu Val Pro Glu Gly Lys Ala Ile Ala Thr Ser
1 5 10 15

Leu Gly Gly Asp Arg Val Leu Ile Phe Pro Cys Ser Pro Arg Ser Ser
20 25 30

Phe Val Phe Thr Ser Arg Leu Ser Ser Leu Pro Leu Lys Arg Ala Ser
35 40 45

Ile Gly Gly Ala Val Ser Cys Ser Gly Val Asn Gly Leu Thr Arg Trp
Asn Ser Ile Val Ser Thr Arg Arg Leu Val Pro Val Arg Ser Ile Asn
65 70 75 80

Ser Glu Ser Asp Ser Asp Ser Asp Phe Pro His Glu Asn Gln Gln Gly
85 90 95

Asn Pro Gly Leu Gly Lys Phe Lys Glu Tyr Gln Glu Trp Asp Ser Trp
100 105 110

Thr Ala Lys Phe Ser Gly Gly Ala Asn Ile Pro Phe Leu Met Leu Gln
115 120 125

Leu Pro Gln Ile Ile Leu Asn Thr Gln Asn Leu Leu Ala Gly Asn Asn
130 135 140

Thr Ala Leu Ser Ala Val Pro Trp Leu Gly Met Leu Thr Gly Leu Leu
145 150 155 160

Gly Asn Leu Ser Leu Leu Ser Tyr Phe Ala Lys Lys Arg Glu Lys Glu
165 170 175

Ala Ala Val Val Gln Thr Leu Gly Val Val Ser Thr His Ile Val Leu
180 185 190

Ala Gln Leu Thr Met Ala Glu Ala Met Pro Ile Gln Tyr Phe Val Ala
195 200 205

Thr Ser Ala Val Val Thr Ile Gly Leu Ile Val Asn Cys Leu Tyr Tyr
210 215 220

Phe Gly Lys Leu Ser Lys Thr Val Trp Gln Leu Trp Glu Asp Val Ile
225 230 235 240

Thr Ile Gly Gly Leu Ser Val Leu Pro Gln Ile Met Trp Ser Thr Phe
245 250 255

Val Pro Leu Val Pro Asn Ser Ile Leu Pro Gly Thr Thr Ala Phe Gly
260 265 270

Ile Ala Val Ala Ala Ile Ile Met Ala Arg Thr Gly Lys Leu Ser Glu
275 280 285

Lys Gly Val Arg Phe Val Gly Ser Leu Ser Gly Trp Thr Ala Thr Leu
290 295 300

Met Phe Met Trp Met Pro Val Ser Gln Met Trp Thr Asn Phe Leu Asn
305 310 315 320

Pro Asp Asn Ile Lys Gly Leu Ser Ser Ile Thr Met Leu Leu Ser Met
325 330 335

Met Gly Asn Gly Leu Met Ile Pro Arg Ala Leu Phe Ile Arg Asp Leu
340 345 350

Met Trp Leu Thr Gly Ser Leu Trp Ala Thr Leu Phe Tyr Gly Tyr Gly
355 360 365
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Asn Ile Leu Cys Leu Tyr Leu Val Asn Cys Thr

370

Val Ala Ala
385

Arg Asp Ala

Glu Leu Val

<210> SEQ I
<211> LENGT.
<212> TYPE:

375

Thr Ile Gly Leu Ile Ser Trp Ile
390

395

Val Ala Tyr Gly His Asn Ser Pro

405

Phe Gly Pro

420

D NO 2
H: 1269
DNA

410

<213> ORGANISM: Arabidopsis thaliana

<400> SEQUENCE: 2

atggccagga
cgtgtattga
agcctgecte
ttgactcggt
tcggaategyg
gggaaattta
aacattcegt
gegggaaaca
ggaaaccttt
caaacactgg
atgcctatte
tgtttgtact
actattggtg
ccaaacagta
getegaactyg
acagcaactc
ccggacaaca
cttatgatce
gcaactctet
cagtcattct
agagatgcag
ggaccgtaa

<210> SEQ I

<211> LENGT.
<212> TYPE:

gattcgaggt

tattccegtyg

taaagcgtge

ggaattccat

actcggactce

aggaatacca

ttetcatget

ataccgetcet

cgttgettte

gagtggtcte

agtattttgt

atttcggtaa

gactctcegt

tcttgectygyg

ggaaacttte

ttatgttcat

taaaaggctt

ctcgagcact

tttatggata

tegtggeage

tggcttatgg

D NO 3
H: 380
PRT

accggaaggt

ttctectege

gtctatcggt

tgtttcgact

cgactteect

agaatgggac

ccaattgect

ttcggetgte

ttattttgcet

tactcacatt

tgctacttca

gcttagcaaa

tcttcctecaa

gacaactgcet

agagaaaggt

gtggatgcca

atcgtcaatc

atttatcegt

tggaaatatt

tacaattggt

tcacaactcg

aaagccatceg

tcttectteg

ggtgctgtet

cgcegacteg

cacgagaatc

tcatggacgg

cagatcatcc

ccatggetygyg

aagaagagag

gtgcttgcac

getgttgtea

actgtgtgge

atcatgtggt

tttggtattg

gttaggtttyg

gtttceccaaa

acaatgttge

gatttgatgt

ctttgettat

ttgatcteat

ccgtttagat

<213> ORGANISM: Chlamydomonas reinhardtii

<400> SEQUENCE: 3

Ser Gln Ser Phe Phe

380

Gly Leu Ala Leu Trp

400

Phe Arg Ser Leu Lys

cgacgtetet

tttttacatc

cttgttcegy

ttectgtteg

agcagggaaa

ccaagttete

tcaataccca

gaatgttgac

aaaaagaagc

agctcacaat

ccatcggtet

aactgtggga

caacatttgt

ctgtggcage

tagggtettt

tgtggacaaa

tctegatgat

ggctcactgg

acctggtaaa

ggataggact

ctttgaaaga

415

cggtggtgat

ceggetetet

cgtcaatgge

ttcaattaac

tccaggttty

cggtggagca

gaatcttttyg

tggtttgtta

agctgtggtg

ggctgaagca

cattgtgaac

agacgttatc

ccctettgta

tataatcatg

atctggatgg

ttttctaaac

dggaaacggg

ttcgctatgy

ttgcaccage

ggctttgtgg

acttgttttt

Met Ala Arg Arg Phe Glu Val Pro Arg Ser Leu Gln Pro Ala Pro Ala

1

5

10

15

Arg Ser Phe Ser Gly Met Glu Gly Arg Arg Thr Thr Gly Thr Arg Thr

20

25

30

Leu Val Thr Val Ser Ser Arg Lys Lys Pro Val Pro Pro Leu His Ala

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1269
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-continued

35 40 45

Gly Ala Thr Ser Gly Pro Ala Ser Asp Ser Gln Arg Trp Asn Ala Leu
50 55 60

Thr Asp Lys Leu Val Ala Ala Ser Ser Ile Pro Phe Ser Ile Leu Val
65 70 75 80

Leu Pro Gln Val Val Gln Asn Ala Ile Asn Met Ala Gly Gly His Pro
85 90 95

Thr Ala Leu Ser Ile Ile Ser Trp Glu Gly Tyr Leu Ser Ala Met Phe
100 105 110

Gly Asn Thr Leu Met Cys Ser His Phe Ala Ala Ser Gly Glu Arg Ser
115 120 125

Ala Val Asn Val Gln Leu Val Gly Ile Leu Asn Asn Phe Leu Ile Leu
130 135 140

Thr Gln Val Ala Leu Ala Gly Phe Met Pro Leu Ala Val Phe Leu Ala
145 150 155 160

Ala Ala Ala Phe Thr Ala Phe Ala Thr Phe Met Asn Leu Ala Arg Val
165 170 175

Ala Ala Leu Ala Gly Ala Ala Gln Pro Ala Asp Glu Lys Trp Gly Ser
180 185 190

Trp Gln Met Trp Gln Leu Gly Ser Gly Leu Val Gly Leu Ala Val Val
195 200 205

Pro Gln Val Leu Tyr Asn Thr Val Ser Pro Ala Ala Ser Thr Leu Leu
210 215 220

Pro Phe Ile Cys Thr Leu Gly Leu Leu Gly Ala Val Leu Gly Leu Arg
225 230 235 240

Leu Ser Ser Lys Gly Gly Ser Asp Ala Ala Thr Leu Val Arg Gln Leu
245 250 255

Pro Gly Trp Gly Ala Thr Leu Leu Phe Ala Leu Ser Pro Leu Pro Gln
260 265 270

Leu Val Arg Asn Leu Leu Glu Pro Gln Ser Leu Glu Gly Leu Ser Val
275 280 285

Gly Thr Met Leu Leu Ala Leu Leu Gly Asn Ala Leu Met Val Pro Arg
290 295 300

Ala Leu Phe Val Arg Asp Val Val Trp Leu Ser Gly Thr Cys Trp Ala
305 310 315 320

Cys Val Ala Gly Trp Gly Gln Leu Phe Ser Met Phe Arg Ser Ala Ser
325 330 335

Ala Ala Thr Gly Arg Arg Phe Leu Asp Pro Trp Leu Phe Phe Ser Ile
340 345 350

Thr Gly Ala Leu Leu Leu Tyr Thr Gly Tyr Val Val Val Gln His Arg
355 360 365

Arg Ala Thr Ala Ala Ala Ala Ser Pro Arg Pro Ala
370 375 380

<210> SEQ ID NO 4

<211> LENGTH: 1143

<212> TYPE: DNA

<213> ORGANISM: Chlamydomonas reinhardtii

<400> SEQUENCE: 4

atggccagga gattcgaggt accgagatct ttgcaaccgg caccggcaag gagttttteg 60

gggatggaag ggcgacggac aacaggcacyg cgaacgctgg tgactgtcag tagecggaaa 120

aagccegtge cccegttgea tgegggagea acgageggte cggcaagega cagcecagega 180
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tggaatgcge tcacggacaa gectggtgget geatccagea ttecgttete tattttggtyg 240
cttecegcaag tcegteccagaa tgccatcaac atggetggeg gcecaccccac ggceectgtee 300
attatcagct gggagggcta cctctetgee atgtteggea acacattaat gtgcagcecat 360
ttegeggegt caggegagceg cagcgecgta aacgtgcage ttgtgggaat cctcaacaac 420
ttectecatte tcacacaggt ggctcttgee ggettcatge cgetegeggt gtttttggeg 480
geggeggect tcacggectt tgccactttt atgaacctgg cacgcegtgge ggegetggeg 540
ggcgcagege agecggcegga cgagaagtgg ggcagetgge agatgtggca getgggcage 600
gggetggtygyg ggetggeggt ggtgecgcag gtgctcetaca acaccgtgte cecggceggea 660
tccacgetge tgcecttcat ttgcacgett gggetgettyg gageggtget agggetacgg 720
ctgtegteca agggeggtag cgacgeggea acgetggtge ggcagetgee gggetgggge 780
gecacgetyge tgtttgceget gtcegecgeta ccgcagetgg tecgcaacct gettgageca 840
cagagectgg agggectgag cgtgggeacce atgetgetgyg cgetgetggyg caacgegete 900
atggtgccege gggegetgtt cgtgcgegac gtggtgtgge tcageggcac ctgetgggece 960
tgcgtagegg gcectggggtceca getgttcage atgttceccegeca gegegtcecgge ggccacaggg 1020
cggcgcettee tggaccceetg getgttette tcecatcaccg gggcgctget getgtacact 1080
ggctacgtygyg tggtgcagca ccggagagcec acagceggegg cagcaagecc geggeccgea 1140
taa 1143
<210> SEQ ID NO 5
<211> LENGTH: 212
<212> TYPE: RNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: ATG8 miRNA nucleic acid sequence
<400> SEQUENCE: 5
acaugcccag gaaaccaagg cgcgcuagcou uccugggege aguguuccag cuacuagaga 60
aggcaccagg uacuucaucu uucucgcuga ucggcaccau gggggugguyg gugaucagcg 120
cuaaagaaga aguaccuggu gccuucgcua guagccggaa cacugccagyg aaggaggggg 180
aggcugggug ggagaagcgg uguggggegyg au 212

<210> SEQ I
<211> LENGT.
<212> TYPE:

D NO 6
H: 479
PRT

<213> ORGANISM: Chlamydomonas reinhardtii

<400> SEQUENCE: 6

Met Ala Leu
1

Pro Ser Arg

Ala Asn Ala
35

Gln Glu Leu
50

Trp Arg Ile
65

Asn Ser Arg

Glu Ala Arg

Ala Ser Gly Val Gly
5

Ser Arg Gly Val Pro
20

Pro Ala Val Ala Glu
40

Val Asp Tyr Leu Lys
55

Gly Thr Glu His Glu
70

Met Asn Tyr Asp Gln
85

Phe Gly Trp Glu Pro

Arg

Ser

25

Arg

Ser

Lys

Ile

Ile

Arg

10

Pro

Arg

Gly

Leu

Ala

90

Met

Gln

Arg

Thr

Cys

Gly

75

Gln

Glu

His Val Ser

Leu Ser Pro
30

Glu Pro Leu
45

Arg Pro Arg
60
Phe Asn Leu

Val Leu Arg

Glu Gly Arg

Ala Ser
15

Val His

Leu Lys

Ser Ala

Ala Asp
80

Lys Leu
95

Ile Ile
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40

Gly

Phe

Glu

145

Gln

Asp

Met

Thr

Lys

225

Ala

Arg

Pro

Ala

Asn

305

Ala

Thr

Gly

Trp

Leu

385

Asp

Arg

Glu

Lys
465

<210>
<211>
<212>
<213>

<400>

Val

Glu

130

Val

Thr

Val

Pro

Val

210

Phe

Ser

Gly

Phe

Met

290

Ala

Leu

Thr

Ala

Val

370

Ile

Thr

Val

Gly

Thr
450

Trp

Gln

115

Leu

Asn

Gly

Pro

Thr

195

Gln

Arg

Ser

His

Val

275

Ala

Leu

Pro

Ile

Asp

355

Gly

Glu

Arg

Ala

Tyr

435

Gly

Gln

100

Leu

Ser

Ser

Phe

Met

180

Val

Val

Ile

Pro

Val

260

Phe

Val

Gly

Gly

Phe

340

Gly

Leu

Asp

Phe

Lys

420

Asp

Leu

Arg

SEQUENCE :

Asp

Gly

His

Leu

165

Met

Gly

Asn

Gly

Phe

245

Trp

Glu

Pro

Met

Glu

325

Pro

Gly

Ile

Trp

Gly

405

Gln

Glu

Thr

Ser

SEQ ID NO 7
LENGTH:
TYPE: DNA
ORGANISM: Chlamydomonas reinhardtii

1440

7

Gly

Ala

Leu

150

Gly

Pro

Ser

Leu

Leu

230

Lys

Thr

Lys

Met

Ser

310

Tyr

Glu

Pro

Tyr

Thr

390

Leu

Val

Thr

Gln

Val
470

Gln

Pro

135

Tyr

Val

Lys

Met

Asp

215

Ala

Glu

Asp

Asp

Tyr

295

Trp

Pro

Val

Trp

Asp

375

Pro

Arg

Val

Ser

Ala
455

Asp

Ser

120

Val

Gln

Gly

Gly

Gly

200

Phe

Leu

Gly

Val

Met

280

Phe

Lys

Thr

Arg

Arg

360

Pro

Ala

Thr

Ser

Phe

440

Asp

Pro

105

Val

Glu

Val

Phe

Arg

185

Leu

Glu

Gln

Lys

Asp

265

Cys

Val

Asp

Ile

Leu

345

Met

Glu

Glu

Pro

Ile

425

Leu

His

Leu

Thr

Thr

Lys

Asp

170

Tyr

Asp

Ser

Pro

Pro

250

Ala

Phe

Tyr

Phe

Ala

330

Lys

Leu

Ala

Arg

Phe

410

Ala

Lys

Leu

Tyr

Leu

Ile

Ala

155

Pro

Lys

Met

Glu

Ile

235

Thr

Ser

Glu

Arg

Met

315

Asp

Lys

Cys

Gln

Asp

395

Arg

His

Arg

Leu

Lys
475

Glu

His

140

Ile

Lys

Leu

Met

Gln

220

Ala

Gly

Arg

Ser

Asn

300

Ala

Trp

Phe

Ala

Arg

380

Tyr

Ala

Gly

Leu

Glu
460

Glu

Pro

125

Lys

Cys

Trp

Met

Phe

205

Asp

Asn

Tyr

Thr

Tyr

285

Gly

Gly

Ala

Leu

Leu

365

Gln

Leu

Gly

Gly

Glu

445

Leu

Phe

110

Gly

Thr

Glu

Ala

Lys

190

Arg

Met

Ala

Leu

Gly

270

Val

Gln

Lys

Asn

Glu

350

Pro

Ala

Arg

Thr

Leu

430

Val

Tyr

Met

Gly

Cys

Glu

Ile

175

Ser

Thr

Val

Leu

Ser

255

Asn

Asp

Tyr

Leu

His

335

Met

Ala

Leu

Thr

Val

415

Glu

Ile

Glu

Tyr

Gln

Ala

Leu

160

Ser

Tyr

Cys

Glu

Phe

240

Thr

Leu

Tyr

Ile

Pro

320

Leu

Arg

Leu

Ala

Glu

400

Gln

Arg

Ala

Thr
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atggctcecteg cctcaggegt tggccgtege cagecatgtgt cggectcegece ctcegegecagt 60
cggggtgtge caageccacg cttgagecct gtecacgega acgegectge ggttgeggag 120
cgtegeacag agcccectett aaagcaggag ctggtggatt acctgaaatce ggggtgtagg 180
cctegeageg cgtggegaat cggcaccgag cacgagaage tgggtttcaa cctggcagac 240
aacagccgca tgaactacga ccagattgca caggtgctac gcaagctgga ggcceggttt 300
ggttgggage ccatcatgga ggagggccegt atcatcggeg tgcagttgga tggtcagagt 360
gtgacgcetygyg agcececcggcegg ccagtttgaa ctgagegggg cgcccegtgga gaccattcac 420
aagacgtgtg cggaggtgaa cagccacctce taccaggtca aggccatctyg cgaggagcett 480
cagacaggat tcctgggegt gggctttgac ceccaagtggg ccatcagega cgtteccatg 540
atgcccaagg gccgctacaa getgatgaag tegtacatge ccacggtggyg ctcecatggge 600
ctggacatga tgttccgcac atgcaccgtg caggtgaacce tggactttga gagcgagcag 660
gacatggtgyg agaagttccg catcggectg gegcetgeage ccatcgecaa cgegetctte 720
gecagetege cattcaagga gggcaagccce accgggtacce tgagcaccceg cggtcacgtg 780
tggacggacg tggacgcctc gecgcaccgge aacctgcegt tegtgttega gaaggacatg 840
tgcttegaga gctacgtgga ctacgccatg geggtgccca tgtacttegt gtaccgcaac 900
gggcagtaca tcaacgcgct gggcatgage tggaaggact tcatggecgg caagetgecce 960
gegetgeegyg gegaatacce caccatcgcece gactgggceca accacctgac caccatctte 1020
ccegaggtge ggctcaagaa gttcectggag atgegeggeyg cggacggegyg cccectggege 1080
atgctgtgeg cgctgccgge getgtgggtg gggctcatat acgatccgga ggcgcagegce 1140
caggcectgg cgctgattga ggattggacg cecgeggage gcegactacct gcegcaccgag 1200
gtgacceget teggectgeg cacgecctte cgegecggea cegtgcagga cgtggccaag 1260
caggtggtgt ccatcgegca cggcggectyg gageggcgag gctacgacga gacgtectte 1320
ctcaagcgee tggaggtcat cgcggagact ggectcacac aggccgacca cctgettgag 1380
ctgtacgaga ccaagtggca gcgcteggtg gacccgetgt acaaggagtt catgtactga 1440
<210> SEQ ID NO 8
<211> LENGTH: 1830
<212> TYPE: DNA
<213> ORGANISM: Chlamydomonas reinhardtii
<400> SEQUENCE: 8
atggccaggt gagtcgacga gcaagceccgg cggatcagge agegtgettyg cagatttgac 60
ttgcaacgce cgcattgtgt cgacgaagge ttttggctee tetgtegetyg tctcaagcag 120
catctaacce tgcgtegecg tttcecatttg caggagatte gaggtaccga gatctttgca 180
accggcaccg gcaaggagtt tttcggggat ggaagggcga cggacaacag gcacgcgaac 240
gectggtgact gtcagtagee ggaaaaagcce cgtgcccceg ttgcatgegg gagcaacgag 300
cggtecggea agcgacagcece agcgatggaa tgegetcacyg gacaagcetgyg tggctgcate 360
cagcattceg ttctetattt tggtgettee geaagtcegte cagaatgcca tcaacatgge 420
tggcggecac cccacggece tgtccattat cagetgggag ggctacctet ctgecatgtt 480
cggcaacaca ttaatgtgca gccatttege ggegtcagge gagegcageyg ccgtaaacgt 540
gcagettgtyg ggaatcctca acaacttcect cattctcaca caggtggetce ttgecggett 600
catgecegete geggtgtttt tggcggegge ggecttcacyg gectttgeca cttttatgaa 660
cctggeacge gtggeggege tggcgggege agegcageceg geggacgaga agtggggcag 720
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ctggcagatyg tggcagetgg gcageggget ggtggggetyg geggtggtge cgcaggtget 780
ctacaacacc gtgtcccecegg cggcatccac getgetgece ttcatttgea cgettggget 840
gettggageyg gtgctaggge tacggetgte gtccaaggge ggtagegacg cggcaacget 900
ggtgceggeayg ctgeecggget ggggegecac getgetgttt gegetgtege cgetaccgea 960
gctggtecege aacctgettg agcecacagag cctggagggce ctgagcegtgg gcaccatget 1020
gctggegetyg ctgggcaacg cgctcatggt gecgegggeg ctgttegtge gcgacgtggt 1080
gtggctcage ggcacctgct gggcectgegt agcgggctgg ggtcagetgt tcagcatgtt 1140
ccgcagegeg teggecggeca cagggceggceg cttectggac cecctggcectgt tettctecat 1200
caccggggeg ctgcetgetgt acactggeta cgtggtggtyg cagcaccgga gagccacage 1260
ggcggcagea agcccgegge ccgcataaac agetgetget cgtgatgett aggtggacca 1320
tgttcgggac cgctggcgga gettggegtg gecttttgttg tgcggegtgg ctgcaacgcet 1380
ttgtcgttga acggcacatg cggtctgcgg attgegtegg cgggtagggce geggagggaa 1440
ggtggtcggyg tagaggctga ttccgecggtt ggatgaaggg accagtcggce ggaatcaggg 1500
cggcgcegect gecatccagge aagtgcaggce cggcagcecag catatattca tgacatgtceg 1560
tactgctata atgtgctaga ttcaaagcca gcagctgact tggttgcaac cggcggtatt 1620
gctggtateg tgcataagge tcggaggcag gctactgcge atgacactgce ctactgatac 1680
acagatagcg catggcttge atgctatgaa aagggccagt ctgccactgce aggtacaatc 1740
gggctgtagg cggcgtaagt gagctcgggg gtgatggtgce gcaggcacat acctgcaaac 1800
aaacgacacc acagtaacaa gtgcggccgce 1830
<210> SEQ ID NO 9
<211> LENGTH: 47
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: primer
<400> SEQUENCE: 9
ttttggtace gagatctttg caaccggcac cggcaaggag tttttcg 47
<210> SEQ ID NO 10
<211> LENGTH: 43
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: primer
<400> SEQUENCE: 10
ttttgcggece gecacttgtta ctgtggtgte gtttgtttge agg 43
<210> SEQ ID NO 11
<211> LENGTH: 1442
<212> TYPE: DNA
<213> ORGANISM: Arabidopsis thaliana
<400> SEQUENCE: 11
atggccaggt gagtcgacga gcaagceccgg cggatcagge agegtgettyg cagatttgac 60
ttgcaacgce cgcattgtgt cgacgaagge ttttggctee tetgtegetyg tctcaagcag 120
catctaacce tgcgtegecg tttcecatttg caggagatte gaggtaccgyg aaggtaaagce 180
catcgegacg tcteteggtyg gtgategtgt attgatatte cegtgttete ctegetette 240
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46

cttegttttt acatccegge tctctagect gectctaaag

tgtctettgt tceggegtca atggettgac teggtggaat

actcgttect gttegttcaa ttaactegga atcggacteg

gaatcagcag ggaaatccag gtttggggaa atttaaggaa

gacggccaag ttcteceggtg gagcaaacat tccgtttete

catcctcaat acccagaatce ttttggeggg aaacaatacce

getgggaatyg ttgactggtt tgttaggaaa cctttegttg

gagagaaaaa gaagcagctg tggtgcaaac actgggagtyg

tgcacagcte acaatggetg aagcaatgece tattcagtat

tgtcaccate ggtctcattg tgaactgttt gtactattte

gtggcaactyg tgggaagacg ttatcactat tggtggactc

gtggtcaaca tttgtcccte ttgtaccaaa cagtatcttg

tattgctgtyg gcagctataa tcatggeteg aactgggaaa

gtttgtaggg tctttatctg gatggacagce aactcttatg

ccaaatgtgg acaaattttc taaacccgga caacataaaa

gttgctcteg atgatgggaa acgggcttat gatccctega

gatgtggcete actggttcge tatgggcaac tctcettttat

cttatacctyg gtaaattgca ccagccagte attcttegtg

ctcatggata ggactggett tgtggagaga tgcagtgget

tagatctttyg aaagaacttg tttttggacc gtaatgaatg

gc

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 12

LENGTH: 35

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer

SEQUENCE: 12

cgaggtaccg gaaggtaaag ccatcgegac gtcte

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 13

LENGTH: 40

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer

SEQUENCE: 13

atggcggeceg catggegtgt acattcatte attacggtece

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 14

LENGTH: 98

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

cgtgegteta teggtggtge
tccattgttt cgactegecg
gactcegact tccctcacga
taccaagaat gggactcatg
atgctccaat tgcctcagat
getetttegyg ctgteccatg
ctttcttatt ttgctaagaa
gtctctacte acattgtget
tttgttgcta cttcagetgt
ggtaagctta gcaaaactgt
tcegttette ctcaaatcat
cctgggacaa ctgettttygyg
ctttcagaga aaggtgttag
ttcatgtgga tgccagttte
ggcttategt caatcacaat
gcactattta tccgtgattt
ggatatggaa atattctttg
gcagctacaa ttggtttgat
tatggtcaca actcgcegtt

aatgtacacg ccatgcggec

OTHER INFORMATION: Template for ATG8-amiRNA

SEQUENCE: 14

ctagagaagg caccaggtac ttcatcttte tegetgateg geaccatggg ggtggtggtg

atcagcgcta aagaagaagt acctggtgee ttegetag

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1442

35

40

60

98
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<210> SEQ ID NO 15

<211> LENGTH: 94

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Nucleic acid sequence of a single chain
constituting template for ATGS8-amiRNA

<400> SEQUENCE: 15

ctagagaagg caccaggtac ttcatcttte tegetgateg geaccatggg ggtggtggtg

atcagcgcta aagaagaagt acctggtgee tteg

<210> SEQ ID NO 16

<211> LENGTH: 94

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Nucleic acid sequence of a single chain
constituting template for ATGS8-amiRNA

<400> SEQUENCE: 16

ctagcgaagyg caccaggtac ttettettta gegetgatca ccaccaccce catggtgecg

atcagcgaga aagatgaagt acctggtgee ttet

<210> SEQ ID NO 17

<211> LENGTH: 415

<212> TYPE: PRT

<213> ORGANISM: Arabidopsis thaliana

<400> SEQUENCE: 17

Met Glu Gly Lys Ala Ile Ala Thr Ser Leu Gly Gly Asp Arg Val Leu
1 5 10 15

Ile Phe Pro Cys Ser Pro Arg Ser Ser Phe Val Phe Thr Ser Arg Leu
20 25 30

Ser Ser Leu Pro Leu Lys Arg Ala Ser Ile Gly Gly Ala Val Ser Cys
35 40 45

Ser Gly Val Asn Gly Leu Thr Arg Trp Asn Ser Ile Val Ser Thr Arg
Arg Leu Val Pro Val Arg Ser Ile Asn Ser Glu Ser Asp Ser Asp Ser
65 70 75 80

Asp Phe Pro His Glu Asn Gln Gln Gly Asn Pro Gly Leu Gly Lys Phe
85 90 95

Lys Glu Tyr Gln Glu Trp Asp Ser Trp Thr Ala Lys Phe Ser Gly Gly
100 105 110

Ala Asn Ile Pro Phe Leu Met Leu Gln Leu Pro Gln Ile Ile Leu Asn
115 120 125

Thr Gln Asn Leu Leu Ala Gly Asn Asn Thr Ala Leu Ser Ala Val Pro
130 135 140

Trp Leu Gly Met Leu Thr Gly Leu Leu Gly Asn Leu Ser Leu Leu Ser
145 150 155 160

Tyr Phe Ala Lys Lys Arg Glu Lys Glu Ala Ala Val Val Gln Thr Leu
165 170 175

Gly Val Val Ser Thr His Ile Val Leu Ala Gln Leu Thr Met Ala Glu
180 185 190

Ala Met Pro Ile Gln Tyr Phe Val Ala Thr Ser Ala Val Val Thr Ile
195 200 205

Gly Leu Ile Val Asn Cys Leu Tyr Tyr Phe Gly Lys Leu Ser Lys Thr
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210 215 220
Val Trp Gln Leu Trp Glu Asp Val Ile Thr Ile Gly Gly Leu Ser Val
225 230 235 240
Leu Pro Gln Ile Met Trp Ser Thr Phe Val Pro Leu Val Pro Asn Ser
245 250 255
Ile Leu Pro Gly Thr Thr Ala Phe Gly Ile Ala Val Ala Ala Ile Ile
260 265 270
Met Ala Arg Thr Gly Lys Leu Ser Glu Lys Gly Val Arg Phe Val Gly
275 280 285
Ser Leu Ser Gly Trp Thr Ala Thr Leu Met Phe Met Trp Met Pro Val
290 295 300
Ser Gln Met Trp Thr Asn Phe Leu Asn Pro Asp Asn Ile Lys Gly Leu
305 310 315 320
Ser Ser Ile Thr Met Leu Leu Ser Met Met Gly Asn Gly Leu Met Ile
325 330 335
Pro Arg Ala Leu Phe Ile Arg Asp Leu Met Trp Leu Thr Gly Ser Leu
340 345 350
Trp Ala Thr Leu Phe Tyr Gly Tyr Gly Asn Ile Leu Cys Leu Tyr Leu
355 360 365
Val Asn Cys Thr Ser Gln Ser Phe Phe Val Ala Ala Thr Ile Gly Leu
370 375 380
Ile Ser Trp Ile Gly Leu Ala Leu Trp Arg Asp Ala Val Ala Tyr Gly
385 390 395 400
His Asn Ser Pro Phe Arg Ser Leu Lys Glu Leu Val Phe Gly Pro
405 410 415
<210> SEQ ID NO 18
<211> LENGTH: 1248
<212> TYPE: DNA
<213> ORGANISM: Arabidopsis thaliana
<400> SEQUENCE: 18
atggaaggta aagccatcgce gacgtctcte ggtggtgate gtgtattgat attccegtgt 60
tctecteget cttecttegt ttttacatce cggetctceta gectgectet aaagegtgeg 120
tctateggtyg gtgetgtete ttgttecegge gtcaatgget tgactceggtyg gaattccatt 180
gtttcgacte gecgactcegt tcectgttegt tcaattaact cggaatcgga cteggactec 240
gacttcecte acgagaatca gcagggaaat ccaggtttgg ggaaatttaa ggaataccaa 300
gaatgggact catggacggc caagttctcce ggtggagcaa acattcegtt tctcatgete 360
caattgccte agatcatcct caatacccag aatcttttgg cgggaaacaa taccgetcett 420
tcggctgtee catggctggg aatgttgact ggtttgttag gaaaccttte gttgetttet 480
tattttgcta agaagagaga aaaagaagca gctgtggtge aaacactggyg agtggtctcet 540
actcacattg tgcttgcaca gctcacaatg gctgaagcaa tgcctattca gtattttgtt 600
gctacttcag ctgttgtcac catcggtctce attgtgaact gtttgtacta tttcggtaag 660
cttagcaaaa ctgtgtggca actgtgggaa gacgttatca ctattggtgg actctcegtt 720
cttectcaaa tcatgtggtc aacatttgte cctettgtac caaacagtat cttgectggg 780
acaactgctt ttggtattgce tgtggcaget ataatcatgg ctcgaactgg gaaactttca 840
gagaaaggtyg ttaggtttgt agggtcttta tctggatgga cagcaactct tatgttcatg 900
tggatgccag tttcccaaat gtggacaaat tttctaaacce cggacaacat aaaaggctta 960
tcgtcaatca caatgttgcet ctcgatgatg ggaaacgggce ttatgatccce tcgagcacta 1020
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tttatcegtg atttgatgtyg gctcactggt tcgctatggg caactctctt ttatggatat 1080
ggaaatattc tttgcttata cctggtaaat tgcaccagcc agtcattctt cgtggcaget 1140
acaattggtt tgatctcatg gataggactg gctttgtgga gagatgcagt ggcttatggt 1200
cacaactcgce cgtttagatc tttgaaagaa cttgtttttg gaccgtaa 1248
<210> SEQ ID NO 19

<211> LENGTH: 371

<212> TYPE: PRT

<213> ORGANISM: Chlamydomonas reinhardtii

<400> SEQUENCE: 19

Met Leu Gln Pro Ala Pro Ala Arg Ser Phe Ser Gly Met Glu Gly Arg
1 5 10 15

Arg Thr Thr Gly Thr Arg Thr Leu Val Thr Val Ser Ser Arg Lys Lys
20 25 30

Pro Val Pro Pro Leu His Ala Gly Ala Thr Ser Gly Pro Ala Ser Asp
35 40 45

Ser Gln Arg Trp Asn Ala Leu Thr Asp Lys Leu Val Ala Ala Ser Ser
50 55 60

Ile Pro Phe Ser Ile Leu Val Leu Pro Gln Val Val Gln Asn Ala Ile
65 70 75 80

Asn Met Ala Gly Gly His Pro Thr Ala Leu Ser Ile Ile Ser Trp Glu
85 90 95

Gly Tyr Leu Ser Ala Met Phe Gly Asn Thr Leu Met Cys Ser His Phe
100 105 110

Ala Ala Ser Gly Glu Arg Ser Ala Val Asn Val Gln Leu Val Gly Ile
115 120 125

Leu Asn Asn Phe Leu Ile Leu Thr Gln Val Ala Leu Ala Gly Phe Met
130 135 140

Pro Leu Ala Val Phe Leu Ala Ala Ala Ala Phe Thr Ala Phe Ala Thr
145 150 155 160

Phe Met Asn Leu Ala Arg Val Ala Ala Leu Ala Gly Ala Ala Gln Pro
165 170 175

Ala Asp Glu Lys Trp Gly Ser Trp Gln Met Trp Gln Leu Gly Ser Gly
180 185 190

Leu Val Gly Leu Ala Val Val Pro Gln Val Leu Tyr Asn Thr Val Ser
195 200 205

Pro Ala Ala Ser Thr Leu Leu Pro Phe Ile Cys Thr Leu Gly Leu Leu
210 215 220

Gly Ala Val Leu Gly Leu Arg Leu Ser Ser Lys Gly Gly Ser Asp Ala
225 230 235 240

Ala Thr Leu Val Arg Gln Leu Pro Gly Trp Gly Ala Thr Leu Leu Phe
245 250 255

Ala Leu Ser Pro Leu Pro Gln Leu Val Arg Asn Leu Leu Glu Pro Gln
260 265 270

Ser Leu Glu Gly Leu Ser Val Gly Thr Met Leu Leu Ala Leu Leu Gly
275 280 285

Asn Ala Leu Met Val Pro Arg Ala Leu Phe Val Arg Asp Val Val Trp
290 295 300

Leu Ser Gly Thr Cys Trp Ala Cys Val Ala Gly Trp Gly Gln Leu Phe
305 310 315 320

Ser Met Phe Arg Ser Ala Ser Ala Ala Thr Gly Arg Arg Phe Leu Asp
325 330 335
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<210>
<211>
<212>
<213>
<400>
atgttgcaac cggcaccggce
acgcgaacge
gcaacgagcg
getgcatceca
aacatggetg
gccatgtteg
gtaaacgtge
geeggettea
tttatgaacc
tggggcaget
caggtgctcet

cttgggetge

gcaacgctygyg
ctaccgcage
accatgctge
gacgtggtgt
agcatgttce

ttctccatca

gccacagegg

340 345

355 360 365

Arg Pro Ala

370

SEQ ID NO 20

LENGTH: 1116

TYPE: DNA

ORGANISM: Chlamydomonas reinhardtii

SEQUENCE: 20

aaggagtttt tcggggatgg aagggcgacyg

tggtgactgt cagtagccgg aaaaagcccg tgecccegtt

gtceggcaag cgacagecag cgatggaatyg cgctcacgga

gecattcegtt ctctattttg gtgettceege aagtegtceca

geggecaccee cacggcecectg tecattatca getgggaggyg

gcaacacatt aatgtgcagc catttecgegyg cgtcaggcga

aatcctcaac aacttcctca ttcectcacaca

agcttgtggg

tgcegetege ggtgtttttyg geggeggegg ccttecacgge

tggCanCgt ggngCgCtg gcgggcgcag cgcagccggce

ggcagatgtg gcagctgggce agcgggctgg tggggetgge

acaacaccgt gtccceggeg geatccacge tgetgeectt

ttggagcggt gctagggeta cggetgtegt ccaagggegyg

tgcggcaget geegggetgg ggegecacge tgetgtttge

tggtcegecaa cctgettgag ccacagagee tggagggect

tggcgetget gggcaacgeg ctecatggtge cgegggeget

ggctcagegg cacctgetgg gectgegtag cgggcetgggy

gecagegegte ggeggccaca gggeggeget tectggacce

ceggggeget getgetgtac actggetacyg tggtggtgea

cggcagcaag cccgeggece gcataa

Pro Trp Leu Phe Phe Ser Ile Thr Gly Ala Leu Leu Leu Tyr Thr Gly
350

Tyr Val Val Val Gln His Arg Arg Ala Thr Ala Ala Ala Ala Ser Pro

gacaacaggc 60
gcatgcggga 120
caagctggtyg 180
gaatgccatce 240
ctacctectet 300
gcgcagcgece 360
ggtggctctt 420
ctttgccact 480
ggacgagaag 540
ggtggtgcecg 600
catttgcacyg 660
tagcgacgcy 720
gctgtegeeg 780
gagcgtgggce 840
gttcgtgcge 900
tcagctgtte 960
ctggctgtte 1020
gcaccggaga 1080

1116

What is claimed is:
1. A method of biomass production, comprising:

irradiating with light a modified alga, thereby photoirra-
diating the modified alga, wherein the modified alga
has suppressed intracellular expression of ATG8 as
compared to that of a reference strain, wherein the
reference strain is an alga otherwise identical to the
modified alga but which lacks suppression of intracel-
Iular ATG8 expression, and wherein the intracellular
ATGS expression in the modified alga is 0.9 times or
less as compared to that of the reference strain cultured 60
under the same conditions; and

55

recovering photosynthate by separating starch granules
produced by the modified alga from the modified alga
or a lysate thereof.

2. The method according to claim 1, wherein the modified
alga has an increased chloroplastic glutathione concentra-
tion as compared to that of the reference strain.

3. The method according to claim 2, wherein the photoir-
radiation step is carried out on the modified alga in a culture
medium having an inorganic nitrogen content of 0.001% to
0.1% by weight.

4. The method according to claim 3, wherein the method
comprises no cell lysis step to disrupt algal cells.
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