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(57) The present invention provides an alga that is
modified to have suppressed expression of ATG8
through (i) overexpression of MEX1 and/or (ii) silencing
of ATG8 with a miRNA and exhibits increased photosyn-
thetic productivity to achieve increased biomass produc-

tivity in algal cells. The invention further provides a meth-
od of producing such a modified alga, a method of bio-
mass production using such a modified alga, and starch
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Description

[Technical Field]

[0001] 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]

[0002] Fuels from biomass, or so-called biofuels (such as bioethanol and biodiesel, for example) are promising alter-
natives to fossil fuels.
[0003] 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 ac-
cumulation 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.
[0004] 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.
[0005] For example, some mutants of Chlamydomonas, an alga, are known which lack a cell wall or have a thinner
cell wall (cw15 and cw92, for example). These mutants have properties convenient for introduction of exogenous DNA
into cells, and have been broadly used in gene transfer experiments. They are also helpful for increasing biomass
productivity 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
Chlamydomonas 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 Chlamydomonas
(cw15) 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.
[0006] 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 modifying an
alga to have an increased chloroplastic glutathione concentration for increasing its starch productivity.

[Citation List]

[Patent Literature]

[0007]

[PTL 1] Japanese Unexamined Patent Application Publication No. 11-196885
[PTL 2] Japanese Unexamined Patent Application Publication No. 2003-310288
[PTL 3] WO 2009/153439
[PTL 4] Japanese Unexamined Patent Application Publication No. 2010-88334
[PTL 5] WO 2012/029727

[Non Patent Literature]

[0008]

[NPL 1] Zi Teng Wang, Nico Ullrich, Sunjoo Joo, Sabine Waffenschmidt, and Ursula Goodenough (2009) Eukaryotic
Cell Vol. 8 (12): 1856-1868. Algal Lipid Bodies: Stress Induction, Purification, and Biochemical Characterization in
Wild-Type and Starchless Chlamydomonas reinhardtii.
[NPL 2] Yantao Li, Danxiang Han, Guongrong Hu, David Dauvillee, Milton Sommerfeld, Steven Ball and Qiang Hu
(2010) Metabolic Engineering Vol. 12 (4): 387-391. Chlamydomonas starchless mutant defective in ADP-glucose
pyrophosphorylase hyper-accumulates triacylglycerol.
[NPL 3] Jerry Hyams, D. Roy Davies (1972) Mutation Research 14 (4): 381-389. The induction and characterisation
of cell wall mutants of Chlamydomonas reinhardi.
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[Summary of Invention]

[Technical Problem]

[0009] 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 production 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 biomass 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.
[0010] 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]

[0011] The inventors have made various studies mainly for the purpose of solving the issues, and have consequently
found that suppression of ATG8 expression in algae can increase biomass productivity in algal cells. The invention was
completed based on such finding.
[0012] 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.
[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 exogenous polynucleotide is one or more polynucleotides selected
from the group consisting of:

(a) a polynucleotide encoding a polypeptide which comprises an amino acid sequence set forth in SEQ ID NO:
1 or SEQ ID NO: 3;
(b) a polynucleotide encoding a polypeptide which comprises 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 polynucleotide 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.

[5]. The modified alga according to [1], wherein the alga includes an ATG8 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 glutathione
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 suppress
expression of ATG8.
[9]. The method according to [8], wherein the method involves a glutathione enrichment step to increase a chloro-
plastic glutathione concentration.
[10]. A method of biomass production using a modified alga that has a suppressed expression of ATG8 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 photoirradiation 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 suppressed 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
compared to that of the reference strain.
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[0013] 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 ATG8. If a wild-type algal strain is subjected to an inventive modifi-
cation, 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 concentration)
is further subjected to an inventive modification, 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]

[0014] The inventive alga has suppressed expression of ATG8, and thus can achieve increased intracellular photo-
synthetic 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]

[0015]

Fig. 1 illustrates the results of measurement of the ATG8 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 expression
of ATG8" produced in Example 1.
Fig. 3 illustrates the results of measurement of the ATG8 protein expressions in some of the "modified strains with
overexpression of GSH1 and suppressed expression of ATG8" produced in Example 1.
Fig. 4 illustrates the results of measurement of starch productions in some of the "modified strains with overexpression
of GSH1 and suppressed expression of ATG8" 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 expression 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 overexpression
of GSH1 and suppressed expression of ATG8" produced 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 suppressed 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 ATG8" produced in Example 1 and then cultured.

[Description of Embodiments]

[0016] 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, inclusive of
A and B", unless otherwise specified.

1. Inventive alga

[0017] The inventive alga may have any structure having suppressed intracellular expression of ATG8, and should
preferably be an alga with increased photosynthetic productivity.
[0018] "ATG8" is an abbreviation for "autophagy-related protein 8" and is also referred to as APG8. ATG8 is a ubiquitin-
like protein, and is known to form a conjugate with phosphatidylethanolamine (hereinafter, the conjugate is referred to
as "ATG8-PE") and to be involved in the formation of autophagosomal membranes (see Nakatogawa H et al. (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 ATG8 is
preferably determined if the intracellular ATG8 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).
[0019] Intracellular expression of ATG8 in a reference strain is preferably measured at the same time and by the same
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method as an inventive alga, but may be determined based on accumulated background data. Intracellular expression
of ATG8 in an alga can be determined by any conventional technique such as Western blotting.
[0020] As used herein, "increased photosynthetic productivity" refers to an increased production of photosynthate as
compared to that of a reference strain. The increase in photosynthetic 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 conditions 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.
[0021] As used herein, the term "photosynthate" refers to substances 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.
[0022] As used herein, the "alga" may be any alga that is capable of photosynthesis, that is, biosynthesis of photo-
synthate. Such an alga include, for example, microalgae belonging to the class Chlorophyceae within the phylum Chlo-
rophyta. More specifically, examples of the alga include: species belonging to the genus Chlamydomonas within the
class Chlorophyceae, such as Chlamydomonas reinhardtii, Chlamydomonas 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; spe-
cies belonging to the genus Dunaliella within the class Chlorophyceae, such as Dunaliella salina, Dunaliella tertiolecta,
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 Chlorophyceae or Xanthophyc-
eae, such as Botryococcus braunii; species belonging to the genus Choricystis within the class Chlorophyceae, such
as Choricystis minor; species belonging to the genus Pseudochoricystis within the class Chlorophyceae, such as Pseu-
dochoricystis ellipsoidea; species belonging to the genus Amphora within the class Diatomophyceae (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 Crypthecodinium cohnii; species belonging to the genus Euglena within the class Euglenophyceae, such as Euglena
gracilis and Euglena proxima; species belonging to the genus Paramecium within the phylum Ciliophora, such as Par-
amecium bursaria; species belonging to the genus Synechococcus within the phylum Cyanobacteria, such as Syne-
chococcus aquatilis and Synechococcus elongatus; species belonging to the genus Spirulina within the phylum Cyano-
bacteria, 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 Oocystis polymorpha.
[0023] An alga with suppressed intracellular expression of ATG8 may be produced by any method that will be described
in detail in a section explaining an inventive method of producing a modified alga.
[0024] 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 ATG8.
[0025] 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 ATG8 in the
alga through overexpression of MEX1.
[0026] 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 ATG8. Such a transformed alga
achieves increased photosynthetic productivity as compared to a reference strain, as will be described below.
[0027] The MEX1 protein to be expressed in the alga or the polynucleotide encoding the MEX1 protein may be 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.
[0028] Specific examples of a polynucleotide encoding an MEX1 protein to be expressed include (a) a polynucleotide
encoding an MEX1 protein which comprises an amino acid sequence set forth in SEQ ID NO: 1 and is derived from
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Arabidopsis thaliana (the base sequence of such a polynucleotide is set forth in SEQ ID NO: 2); and a polynucleotide
encoding an MEX1 protein which comprises an amino acid sequence set forth in SEQ ID NO: 3 and is derived from
Chlamydomonas reinhardtii (the base sequence of such a polynucleotide is set forth in SEQ ID NO: 4).
[0029] Specific examples of a polynucleotide encoding an MEX1 protein to be expressed also include:

(b) a polynucleotide encoding a polypeptide which comprises 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 polynucleotide 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 (c) will be described below in more details.

[0030] 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).
[0031] In another embodiment, the inventive alga preferably includes an ATG8 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 epigenetic
silencing, genomic imprinting, paramutation, transposon 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 intracellular mes-
senger 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.
[0032] 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
messenger RNA level in an alga can be determined by any conventional technique such as real-time RT-PCR technique.
[0033] 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 the target without affecting levels of non-
target RNAs in the steady state (see, for example, Lee RC 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.
[0034] An inventive alga with suppressed expression of ATG8 has increased production and/or accumulation of pho-
tosynthate as compared to that of a reference strain without suppression in expression of ATG8, and thus can allows
algal biomass production with lower costs and higher efficiency than traditional methods.
[0035] The inventive alga preferably has both suppressed expression of ATG8 and increased chloroplastic glutathione
concentration.
[0036] As used herein, "increased chloroplastic glutathione concentration" refers to a higher glutathione concentration
in chloroplast as compared to that of a reference strain. The increase in chloroplastic glutathione concentration is
preferably determined if the chloroplastic glutathione concentration 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 concentration 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.
[0037] 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 AJ et al. (2007), Plant Journal 52: 973-986. Redox-sensitive GFP in Arabidopsis thaliana is a
quantitative biosensor for the redox potential of the cellular glutathione redox buffer; and Gutscher M et al. (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
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in biosynthesis of glutathione or a polynucleotide encoding such a protein. Expression level of such a protein or poly-
nucleotide can be appropriately measured by any conventional technique.
[0038] The "glutathione" includes reduced glutathione (hereinafter, referred to as "GSH") and oxidized glutathione
(hereinafter, referred to as "GSSG"). In a method of the present invention, GSH and GSSG concentrations may be
increased either alone or together.
[0039] The inventive alga preferably has increased chloroplastic expression and/or activity of at least one protein
selected from the group consisting of γ-glutamylcysteine synthetase (hereinafter, also referred to as "GSH1"), glutathione
synthetase (hereinafter, also referred to as "GSH2"), ATP sulfurylase, 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.
[0040] 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 polynucleotide introduced and expressed
(overexpressed) therein has an increased chloroplastic glutathione concentration.
[0041] In other words, the present invention provides a transformed alga which includes 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 poly-
nucleotide encoding MEX1 and/or a nucleic acid for silencing ATG8, and has increased chloroplastic glutathione con-
centration. Such a transformed alga naturally has an increased photosynthetic productivity.
[0042] Such a protein to be expressed in an alga or the polynucleotide 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.
[0043] Specific examples of a polynucleotide encoding γ-glutamylcysteine synthetase to be expressed include (a) a
polynucleotide encoding a γ-glutamylcysteine synthetase which comprises an amino acid sequence set forth in SEQ ID
NO: 6 and is derived from Chlamydomonas reinhardtii (the base sequence of such a polynucleotide is set forth in SEQ
ID NO: 7).
[0044] Specific examples of a polynucleotide encoding γ-glutamylcysteine synthetase to be expressed also include:

(b) a polynucleotide encoding a polypeptide which comprises an amino acid sequence derived from the amino acid
sequence set forth in SEQ ID NO: 6 and maintaining the activity of γ-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 polynucleotide comprising a base sequence complementary to that
of the polynucleotide (a) or (b) under stringent conditions and encodes a polypeptide having the activity of γ-glutamyl-
cysteine synthetase. Such polynucleotides (a) to (c) will be described below in more details.

[0045] Introduction of such a polynucleotide in the cell of the inventive alga can be confirmed by any conventional
technique such as PCR, southern hybridization, or northern hybridization. Alternatively, the introduction of the polynu-
cleotide may also be confirmed by measuring expression of a protein encoded by the polynucleotide by any conventionally
known immunological technique, or by measuring enzymatic activity of the protein encoded by the polynucleotide by
any conventional biochemical technique.
[0046] An inventive alga with suppressed expression of ATG8 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 accumulation
of photosynthate as compared to that of a reference strain.
[0047] An alga with both suppressed expression of ATG8 and increased chloroplastic glutathione concentration can
produce and/or accumulate photosynthate in a nitrogen-sufficient 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 production and/or
accumulation of photosynthate thereof can be readily enhanced by a mere slight improvement in light conditions.
[0048] 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 accumulated 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 chloroplastic glutathione concentration enables relatively easy purification
of starch.
[0049] The inventive alga increases facility and efficiency in induction of accumulation of photosynthate and/or recovery
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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 production with lower costs and higher efficiency than traditional
methods.

2. Starch produced by an inventive alga

[0050] Starch granules produced by an inventive alga are characterized 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 mm. In contrast,
starch granules produced by the inventive alga are minute and uniform in size, with a mean particle size of 1.3 mm (S.D.:
0.181) in a major diameter and 1.0 mm (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 mm, 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 pharma-
ceutical 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 produced starch granules
outside the algal cell. Further, use of the inventive alga provides starch granules in a disaggregated form without requiring
a process such as grinding.
[0051] 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).
[0052] 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 Publication (Translation of PCT Application) No. 2003-500060 (Japanese
Patent Application No. 2000-620111) disclose genetically engineered starch granules produced in Chlamydomonas and
containing a malarial antigen associated on their surface.

3. Inventive method of producing modified alga

[0053] An inventive method of producing an alga produces the aforementioned modified alga with suppressed intra-
cellular expression of ATG8 and increased photosynthetic productivity as compared to that of a reference strain (i.e. the
inventive alga). The inventive method involves at least an ATG8 expression suppressing step to suppress expression
of ATG8 in the algal cell, and may involve any other step and may be practiced under a variety of conditions.
[0054] The inventive method of producing a modified alga will now be described in detail.

(1) ATG8 expression suppressing step

[0055] The ATG8 expression suppressing step suppresses the expression of ATG8 in an alga.
[0056] The expression "suppress the expression of ATG8" refers to reducing the expression of ATG8 in an alga as
compared to that of a reference strain. In other words, an alga after the ATG8 expression suppressing step has decreased
expression of ATG8 as compared to that of a reference strain. The reduction in expression of ATG8 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.
[0057] In the ATG8 expression suppressing step, expression of ATG8 may be suppressed by any method that can
produce an alga with decreased expression of ATG8. 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).
[0058] The methods (i) and (ii) are now described in detail.

(i) Random mutagenesis in an alga

[0059] Random mutation may be introduced in an alga by any method appropriately selected from known techniques.
Specific examples of the method 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-
eukaryotic cell conjugation, and physical gene transfer using a gene gun, for example. For example, mutation may be
introduced into an ATG8 gene or a gene encoding a protein which positively controls the expression of ATG8 by such
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a method, so as to decrease the expression of ATG8. Alternatively, mutation may be introduced into a gene encoding
a protein which negatively controls the expression of ATG8 by any of the methods described above, so as to increase
the activity of the protein to decrease the expression of ATG8.
[0060] 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 ex-
pression of ATG8 as described above, and selection of mutant algae with increased expression and/or activity of MEX1
protein.

(ii) Introduction of substance which suppresses expression of ATG8 into cell

[0061] A modified alga with decreased intracellular expression of ATG8 can also be produced by introducing the
"substance which suppresses intracellular expression of ATG8" as described above, such as (A) a polynucleotide en-
coding a protein which suppresses expression of ATG8 or (B) a polynucleotide having a function of silencing the ATG8
gene, for example. Such polynucleotides (A) and (B) may be used either alone or in combination.
[0062] As used herein, the term "polypeptide" is interchangeable with the terms "peptide" or "protein" . As used herein,
the term "polynucleotide" is interchangeable with the term "gene", "nucleic acid" or "nucleic acid molecule" and refers
to a nucleotide polymer.
[0063] The "introduction of a polynucleotide" refers to any process that allows an intended polynucleotide to be included
in the algal cell, and include insertion (introduction) of the intended polynucleotide in an algal genome. Successful
introduction of a polynucleotide in an algal cell can be confirmed by any conventional technique such as PCR, southern
hybridization, or northern hybridization.
[0064] Introduction of at least one polynucleotide (A) into an algal cell increases the expression of a protein which
suppresses intracellular expression of ATG8, resulting in suppressed expression of ATG8 in the cell.
[0065] 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 polynu-
cleotides from algae other than the host alga or from higher plants may also be suitably used.
[0066] 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 cDNA) encoding it has the base sequence set forth in SEQ
ID NO: 2.
[0067] Another example of MEX1 genes preferred in the invention 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.
[0068] 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 comprises 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 polynucleotide 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.

[0069] 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 mutagenesis (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 artificially
introduced by a known technique of producing a mutant polypeptide but also proteins isolated and purified from naturally-
occurring proteins.
[0070] 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.
[0071] Preferred mutants have conservative or non-conservative amino acid substitution, deletion, or addition, pref-
erably silent substitution, addition, or deletion. Conservative substitution is particularly preferred. Such mutation does
not change the polypeptide activity in the present invention.
[0072] Typical conservative substitutions include the following substitutions: one substitution among aliphatic amino
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acids, i.e. Ala, Val, Leu, and Ile; substitution among hydroxyl residues, i.e. Ser and Thr; substitution among acidic
residues, 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.
[0073] 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%, preferably 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, 53 SSC (150 mM NaCl, 15 mM trisodium citrate), 50 mM sodium phosphate (pH: 7.6), 53 Denhardt’s
solution, 10% dextran sulfate, and 20 mg/ml denatured, sheared salmon sperm DNA) at 42°C, followed by washing of
the filter in 0.13 SSC at about 65°C.
[0074] Hybridization can be carried out by any well-known technique such as the method described in Sambrooket J
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 polynucleotide with higher homology.
[0075] 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 SF (1990), Proc. Natl. Acad. Sci. USA 87: 2264-2268; and Karlin S,
Altschul SF (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 SF et al. (1990), J. Mol. Biol. 215: 403-410).
[0076] MEX1 genes from other plants than Chlamydomonas may also be suitably used in the invention. Known ex-
amples 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).
[0077] Alternatively, introduction of the aforementioned polynucleotide (B) into an algal cell can decrease expression
of ATG8 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 transcription and/or translation of an ATG8 gene, for example.
[0078] Preferred examples of the miRNA usable in the invention include, but are not limited to, the miRNA of SEQ ID
NO: 5.
[0079] "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.
[0080] 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 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.
[0081] 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
Chlamydomonas 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 invention.
[0082] The polynucleotide used in the inventive method of producing a modified alga may be derived from a desired
algal or plant source.
[0083] 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 constructed by any conventional technique. For example, "Jap-
anese Unexamined Patent Application Publication No. 2007-43926" and "Japanese Unexamined Patent Application
Publication No. 10-0570868" disclose methods for construction 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 introduced,
and then introduced into the algal cell.
[0084] 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 polynu-
cleotide to be introduced.

(2) Glutathione enriching step

[0085] The inventive method of producing a modified alga preferably further involves a glutathione enriching step to
increase the chloroplastic glutathione concentration of the alga.
[0086] As used herein, the expression "to increase the chloroplastic glutathione concentration" refers to increasing a
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chloroplastic glutathione concentration in an alga as compared 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 inventive alga.
[0087] In the glutathione enriching step, a chloroplastic glutathione concentration may be increased by any process
that can provide the resulting alga with an increased chloroplastic glutathione concentration. Examples of such a method
include the same methods as in the ATG8 expression suppressing step and the method described in PTL 5, including
(i) 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).

(i) Random mutagenesis in an alga

[0088] 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-
eukaryotic 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
GSH1, 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.
[0089] 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 chloro-
plastic 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 5’-phosphosulfate reductase, sulfite reductase,
cysteine synthase, or serine acetyltransferase.

(ii) Introduction of substance which increases a chloroplastic glutathione concentration into cell

[0090] A modified alga with an increased chloroplastic glutathione 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.
[0091] 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.
[0092] Preferred examples of such a polynucleotide include a polynucleotide encoding γ-glutamylcysteine synthetase
(hereinafter, also referred to as "GSH1 gene"), a polynucleotide encoding glutathione synthetase (hereinafter, also
referred to as "GSH2 gene"), a polynucleotide encoding ATP sulfurylase, a polynucleotide encoding adenosine 5’-
phosphosulfate reductase, a polynucleotide encoding sulfite reductase, a polynucleotide encoding cysteine synthase,
and a polynucleotide encoding serine acetyltransferase. 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.
[0093] The "γ-glutamylcysteine synthetase (GSH1)" is an enzyme that catalyzes combination of cysteine with glutamate
at the γ-position of glutamate through an amido bond, to synthesize γ-glutamylcysteine. The "glutathione synthetase
(GSH2)" is an enzyme that catalyzes binding of glycine to γ-glutamylcysteine to synthesize glutathione.
[0094] The "GSH1 gene" is not limited to specific genes. Examples of GSH1 gene preferred in the invention include
the GSH1 gene of Chlamydomonas (CHLREDRAFT_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: 7. Translation products of the GSH1 gene of Chlamydomonas include
a chloroplast targeting signal peptide in the N-terminal region. Thus, the translation products of the GSH1 gene from
Chlamydomonas, i.e. Chlamydomonas GSH1, are normally present in the chloroplast.
[0095] 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 comprises an amino acid sequence set forth in SEQ ID NO: 6;
(b) a polynucleotide encoding a polypeptide which comprises an amino acid sequence derived from the amino acid
sequence set forth in SEQ ID NO: 6 and maintaining the γ-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 polynucleotide comprising a base sequence complementary to that
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of the polynucleotide (a) or (b) under stringent conditions and encodes a polypeptide having γ-glutamylcysteine
synthetase activity.

[0096] As used herein, the "γ-glutamylcysteine synthetase activity" refers to activity of catalyzing a reaction that forms
an amido bond between cysteine and the γ-position of glutamate. The "γ-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 γ-
glutamylcysteine synthesized in a certain period of time is measured. Such measurement is carried out under conditions
with an anti-oxidant measure, such as purging the solution with nitrogen. Alternatively the γ-glutamylcysteine synthetase
activity may be measured by determining the amount of phosphoric acid generated in the reaction.
[0097] GSH1 genes from other plants than Chlamydomonas may also be suitably used in the invention. Known ex-
amples of such GSH1 genes include those from Arabidopsis thaliana (TAIR Accession Gene: 2127172; Name
AT4G23100.1), Zinnia elegans (Genbank accession: AB158510), Oryza sativa (Genbank accession: AJ508915), and
Nicotiana tabacum (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 Chlamydomonas.
[0098] Alternatively, introduction of the aforementioned polynucleotide (B) into an algal cell can decrease expression
of a protein which decreases a chloroplastic glutathione concentration, resulting in an increased chloroplastic glutathione
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.
[0099] 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 SC et al. (2010), Proc. Natl. Acad. Sci. USA
107 (5): 2331-2336). Accordingly, examples of the polynucleotide (B) include polynucleotides intended to decrease
expression of a glutathione transporter, such as CLT1.

(3) Additional steps

[0100] 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 "ATG8 expression suppressing step" described above.
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.
[0101] 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 hygromycin-
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 products
to electrophoresis, such as agarose gel electrophoresis, polyacrylamide gel electrophoresis, or capillary electrophoresis;
and staining the resulting gel with ethidium bromide, for example, to detect the amplification product of interest.
[0102] Transformed algae with suppressed intracellular expression of ATG8 may be screened by the measurement
of intracellular expression of ATG8 as described above, for example. Individuals with an increased chloroplastic glutath-
ione concentration may be screened by the measurement of chloroplastic glutathione concentration as described above,
for example.

4. Inventive method of biomass production

[0103] The inventive method of biomass production produces biomass using a modified alga produced by the afore-
mentioned method of producing a modified alga which has suppressed intracellular expression of ATG8 or which has
both suppressed expression of ATG8 and increased chloroplastic glutathione concentration, as compared to a reference
strain.
[0104] The modified alga and the method of producing a modified 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.
[0105] 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 "photo-
synthate".
[0106] According to the inventive method of biomass production, production or accumulation of photosynthate in the
algal cell may be induced by any method. For example, the inventive method of biomass production may involve a
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photoirradiation step to irradiate the alga with light for inducing production or accumulation of photosynthate in the algal
cell.

(1) Photoirradiation step

(i) Modified alga with suppressed expression of ATG8

[0107] A modified alga which has suppressed expression of ATG8 but does not have an increased chloroplastic
glutathione concentration (modified alga with suppressed ATG8 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
nitrogen 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 composition as a known TAP medium, but does not contain a
nitrogen source. The TAP culture medium is mainly composed of tris(hydroxymethyl)aminomethane (Tris), acetate, and
phosphate, and contains ammonium chloride (0.4 g/l) 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/l of potassium chloride
instead of ammonium chloride.
[0108] If a polynucleotide having a function of silencing an ATG8 gene is used for suppressing expression of ATG8,
such a culture medium preferably contain the polynucleotide. The concentration of the polynucleotide in the culture
medium is preferably 10 mg/ml, more preferably 4 mg/ml, for example.
[0109] The sequence of the polynucleotide having a function of silencing an ATG8 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 ATG8 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.
[0110] 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/m2/sec or more, for example, preferably 50 mE/m2/sec or more, more preferably
60 mE/m2/sec or more, yet more preferably 70 mE/m2/sec or more, 80 mE/m2/sec or more, 90 mE/m2/sec or more, or
100 mE/m2/sec or more; and is preferably 1000 mE/m2/sec or less, for example, more preferably 500 mE/m2/sec or less,
yet more preferably 100 mE/m2/sec or less.
[0111] 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, preferably 400 nm to 700
nm, for example.
[0112] Alternatively, the photoirradiation step may be carried out under an autotrophic condition. As used herein, the
"autotrophic 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 atmospheric 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.
[0113] 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, resulting in a lower consumption rate of carbon dioxide in photo-
synthesis. Thus, the culture medium preferably has buffer capacity sufficient for maintaining its pH value within a neutral
to alkaline pH range. Preferred examples of such a medium include conventional HSM medium.

(ii) Modified alga with suppressed expression of ATG8 and increased glutathione concentration

[0114] A modified alga which has both suppressed expression of ATG8 and increased chloroplastic glutathione con-
centration (modified alga with suppressed ATG8 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
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necessary for growth of algae. The inorganic nitrogen 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).
[0115] 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.
[0116] Induction of accumulation of photosynthate does not require adjustment of light intensity for irradiation of the
alga, but the light intensity may be 1000 mE/m2/sec or less, for example, preferably 500 mE/m2/sec or less, more preferably
400 mE/m2/sec or less, 300 mE/m2/sec or less, 200 mE/m2/sec or less, 150 mE/m2/sec or less, 100 mE/m2/sec or less,
or 80 mE/m2/sec or less. A lower light intensity for irradiation increases energy efficiency, resulting in increased produc-
tivity. The modified alga with suppressed expression of ATG8 and increased glutathione concentration is advantageous
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 mE/m2/sec, which
can be set as a practical value.
[0117] Examples of a photoirradiation device for irradiation with light within such a range include those described
above in case (i).
[0118] In one embodiment, the modified alga with suppressed ATG8 expression and increased glutathione concen-
tration may be cultured in a TAP medium under irradiation with light of 45 mE/m2/sec to induce accumulation of starch
in the cell. In another embodiment, the modified alga with suppressed ATG8 expression and increased glutathione
concentration may be cultured in a TAP medium under irradiation with light of 80 mE/m2/sec to induce accumulation of
starch in the cell.
[0119] The photoirradiation step of the modified alga with suppressed expression of ATG8 and increased glutathione
concentration 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 mE/m2/sec to induce
accumulation of starch in the cell.
[0120] As described above, the modified alga with suppressed expression of ATG8 and increased glutathione con-
centration is characterized in that it does not require any step of nutrient restriction, such as step of providing nitrogen-
deficient condition, for inducing production of photosynthate. In other words, in one embodiment of the invention using
the modified 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 restriction step). Such a feature simplifies the process,
resulting in increased photosynthetic productivity.
[0121] Alternatively, the photoirradiation step may be carried out under the autotrophic condition explained above in
case (i).

(2) Additional step

[0122] The inventive method of biomass production may further involve a step of recovering photosynthate in addition
to the aforementioned "photoirradiation step".

(i) Modified alga with suppressed expression of ATG8

[0123] If a modified alga which has suppressed expression of ATG8 but does not have increased chloroplastic glu-
tathione concentration (modified alga with suppressed ATG8 expression) 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.

(ii) Modified alga with suppressed expression of ATG8 and increased glutathione concentration

[0124] If a modified alga which has both suppressed expression of ATG8 and increased chloroplastic glutathione
concentration (modified alga with suppressed expression of ATG8 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 separating the exported starch granules from the alga and recovering the separated starch granules. The
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exported starch granules may be separated from the alga by any method, including a separation procedure such as
standing 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.
[0125] 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 photosynthate, as compared to traditional techniques. Accordingly,
the inventive method of biomass production provides algal biomass production with lower costs and higher efficiency
than traditional methods.
[0126] The invention should not be construed to the aforementioned embodiments. Various modifications are possible
within the scope of the claims, and embodiments formed by appropriately combining technical features disclosed in
different embodiments are also encompassed within the technical scope of the invention.

Examples

[0127] 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.

[Example 1: production of modified algae]

<Production of modified strain with suppressed expression of ATG8: 1>

[0128] 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.
[0129] Specific procedure was as follows: A circular DNA vector for Chlamydomonas, pChlamy1 (available from Life
Technologies Corporation) was sequentially treated with restriction enzymes Kpn I and Not I to be cleaved (DNA fragment
1). A polynucleotide (about 1.7 kbp) consisting of nucleotides 163 to 1830 of the sequence set forth in SEQ ID NO: 8
was prepared by the following method.
[0130] Chlamydomonas reinhardtii 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 mE/m2/sec.
The cells were then collected from the culture, and a cDNA mixture was prepared from the cells using a cDNA 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 Chlamydomonas 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) .
[0131] The DNA fragments 1 and 2 were ligated or recircularized to each other. The circular DNA was amplified with
Escherichia coli, and the amplification products were extracted from E. coli and were purified, in accordance with a
known technique.
[0132] 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.
[0133] 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 KL (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
inheritance of the polynucleotide to the next generation through the cell replication. The screening was based on the
exhibition 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.
[0134] The produced algal strain with overexpression of CrMEX1 is referred to as "modified strain with suppressed
expression of ATG8 (CC-503/CrMEX1ox)".

<Production of modified strain with suppressed expression of ATG8: 2>

[0135] An MEX1 gene (SEQ ID NO: 2) encoding the MEX1 protein from Arabidopsis thaliana (SEQ ID NO: 1; hereinafter,
referred to as "AtMEX1") was ligated to the downstream of the Hsp70A/RBc_S2 promoter to prepare a plasmid.
[0136] Specific procedure was as follows: A circular DNA vector for Chlamydomonas, pChlamy3 (available from Life
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Technologies Corporation) was sequentially treated with restriction enzymes Kpn I and Not I to be cleaved (DNA fragment
3). A polynucleotide (about 1.3 kbp) consisting of nucleotides 163 to 1442 of the sequence set forth in SEQ ID NO: 11
was prepared by the following method.
[0137] Arabidopsis thaliana, Columbia strain was grown for three weeks at 22°C under diurnal conditions with a light
period (100 uE/m2/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 expression 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 temperature: 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 restriction enzymes Kpn
I and Not I to process its terminal structure (DNA fragment 4).
[0138] The DNA fragments 3 and 4 were ligated or recircularized to each other. The circular DNA was amplified in
Escherichia coli, and the amplification products were extracted from E. coli and were purified, in accordance with a
known technique.
[0139] 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.
[0140] 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 KL (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
inheritance of the polynucleotide to the next generation through the cell replication. The screening was based on the
exhibition 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.
[0141] The produced algal strain with overexpression of AtMEX1 is referred to as "modified strain with suppressed
expression of ATG8 (CC-503/AtMEX1ox)".

<Production of modified strain with suppressed expression of ATG8: 3>

[0142] A DNA sequence complementary to the silencing construct (SEQ ID NO: 5; hereinafter, referred to as "ATG8-
amiRNA") which specifically suppresses expression of the endogenous ATG8 gene of Chlamydomonas was ligated to
the downstream of the PSAD promoter, to prepare a plasmid.
[0143] 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 oligonucleotides were mixed and heated to 100°C, and then the temperature
was gradually decreased to prepare a double-stranded oligonucleotide with a 5’-terminal protruding single-stranded
DNA sequence consisting of four bases (5’-CTAG) (DNA fragment 6).
[0144] 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 E.
coli and were purified, in accordance with a known technique.
[0145] 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 ATG8 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.
[0146] 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 KL (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
inheritance of the polynucleotide to the next generation through the cell replication. The screening was based on the
exhibition 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.
[0147] The produced algal strain with suppressed expression of ATG8 is referred to as "modified strain with suppressed
expression of ATG8 (CC-503/ATG8amiRNA)".
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<Production of strain with overexpression of GSH1>

[0148] A strain with overexpression of GSH1 (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 GSH1 and suppressed expression of ATG8: 1>

[0149] 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 Hsp70A-Rbc_S2 promoter-CrMEX1, as in <Production of modified
strain with suppressed expression of ATG8: 1>.
[0150] The produced algal strain with suppressed expression of ATG8 is referred to as "modified strain with overex-
pression of GSH1 and suppressed expression of ATG8 (22-2/CrMEX1ox)".

<Production of modified strain with overexpression of GSH1 and suppressed expression of ATG8: 2>

[0151] 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 Hsp70A-Rbc_S2 promoter-AtMEX1, as in <Production of modified
strain with suppressed expression of ATG8: 2>.
[0152] The produced algal strain with suppressed expression of ATG8 is referred to as "modified strain with overex-
pression of GSH1 and suppressed expression of ATG8 (22-2/AtMEX1ox)".

<Production of modified strain with overexpression of GSH1 and suppressed expression of ATG8: 3>

[0153] 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 ATG8: 3>.
[0154] The produced algal strain with suppressed expression of ATG8 is referred to as "modified strain with overex-
pression of GSH1 and suppressed expression of ATG8 (22-2/ATG8-amiRNA)".

[Example 2: influences on the expression of ATG8 in the wild-type strain by the overexpression of MEX1]

[0155] 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 ATG8. In detail, each strain with sup-
pressed 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.
[0156] The results are shown in Fig. 1 illustrating the expressions of the ATG8 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 ATG8 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).

[Example 3 : influences on the starch production in the wild-type strain by overexpression of MEX1 and silencing of ATG8]

[0157] 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 0.53104 cells/ml, and
then were cultured under shaking and continuous irradiation with a light intensity of 100 mE/m2/sec (preliminary culture).
When the cells during the preliminary culture reached the logarithmic phase, the culture was centrifuged to collect the
cells. The cells were then resuspended in a nitrogen-deficient TAP medium (TAP N-free medium) at a cell density of
5.03106 cells/ml (replacement of medium). Cells were collected to determine the amount of starch therein, just after the
replacement of the medium and after shaking culture in the nitrogen-deficient TAP medium (TAP N-free medium) for 24

[Table 1]

CC-503
CC-503/CrMEX1ox CC-503/AtMEX1ox

1 2 3 14 15 16 1 2 11 12 15 18

100% 58% 49% 40% 111% 115% 71% 71% 63% 31% 42% 22% 79%
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hours. The determined value is an amount of starch per culture (calculated as glucose level). The wild-type strain CC-
503 was used as a control.
[0158] The strain genetically modified to provide a cell with the ATG8-targeting RNA silencing construct (ATG8-amiR-
NA) was transferred into a nitrogen-sufficient TAP medium at a cell density of 0.53104 cells/ml, and then were cultured
under shaking and continuous irradiation with a light intensity of 100 mE/m2/sec (preliminary culture). When the cells
during the preliminary culture reached the logarithmic phase, the culture was centrifuged to collect the cells. The cells
were then resuspended in a nitrogen-deficient TAP medium (TAP N-free medium) at a cell density of 5.03106 cells/ml
(replacement of medium). Cells were collected to determine the amount of starch therein, just after the replacement of
the medium and after shaking culture in the nitrogen-deficient TAP medium (TAP N-free medium) for 24 hours. The
determined value is an amount of starch per culture (calculated as glucose level). The wild-type strain CC-503 was used
as a control.
[0159] The results are shown in Fig. 2 illustrating amounts of starch measured at 0 h and 24 h after the replacement
of the medium with the TAP N-free medium. The results for CC-503/CrMEX1ox clone 3 and CC-503/AtMEX1ox clone
15 are shown as representative. The amount of starch was calculated as glucose level per culture (mg glucose/dL culture).
[0160] Fig. 2 demonstrates that the MEX1-overexpresing modified cells (CC-503/CrMEX1ox and CC-503/AtMEX1ox)
and the ATG8-silenced modified cells (CC-503/ATG8-amiRNA) had an increased amount of starch (starch accumulation)
per culture after 24 hours, as compared to that of the wild-type strain. The results indicate that the amount of starch was
increased by indirect suppression of ATG8 expression through overexpression of MEX1, or direct suppression of ATG8
expression.

[Example 4: influences on ATG8 expression in the strain with overexpression of GSH1 by overexpression of MEX1]

[0161] The modified strains with overexpression of GSH and suppressed expression of ATG8 produced in Example
1 (22-2/ CrMEX1ox and 22-2/AtMEX1ox) were cultured and analyzed to determine the expression of ATG8. In detail,
each strain with suppressed expression of ATG8 was cultured in a TAP medium under shaking, and the cells were
collected after 96 hours. The cells were then lysed and analyzed by western blotting. The strain with overexpression of
GSH1 (22-2) was used as a control.
[0162] The results are shown in Fig. 3. Fig. 3(a) illustrates the expressions of the ATG8 protein in clones of a strain
with overexpression of GSH and suppressed expressions of ATG8 (22-2/CrMEX1ox). Fig. 3(b) illustrates the expressions
of the ATG8 protein in clones of another strain with overexpression of GSH and suppressed expression of ATG8
(22-2/AtMEX1ox). The leftmost lane in each figure represents the control (22-2). The results shown in Fig. 3 indicate
that the cells with overexpression of GSH1 and MEX1 exhibited suppressed expression of ATG8 and ATG-8PE (see
22-2/CrMEX1ox clones 1, 3, 5, 6, 7; and 22-2/AtMEX1ox clones 1, 2, 3, 4, 6, 7, and 16). The expressions of the ATG8
protein in the individual clones are shown in the table below. Each expression level is a relative value (%) to that of the
parent strain (wild-type strain).

[Example 5: influences on starch production in strains with overexpression of GSH1 by overexpression of MEX1]

[0163] The strains with overexpression of GSH1 and suppressed expression of ATG8 produced in Example 1 (22-2/
CrMEX1ox and 22-2/AtMEX1ox) 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 culture 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 mE/m2/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 1.03104 cells/ml, and were cultured under shaking and continuous irradiation with an intensity of light of 100
mE/m2/sec (main culture). The strain with overexpression of GSH1 (22-2) was used as a control.
[0164] The results are shown in Fig. 4. Fig. 4(a) illustrates the transition of the amount of starch in the modified strain
with overexpression of GSH1 and suppressed expression of ATG8 (22-2/CrMEX1ox), and Fig. 4(b) illustrates the tran-
sition of the amount of starch in another modified strain with overexpression of GSH1 and suppressed expression of
ATG8 (22-2/AtMEX1ox). The results for 22-2/CrMEX1ox clone 3 and 22-2/AtMEX1ox clone 7 are shown as represent-
ative. In each figure, the vertical axis represents amounts of starch per culture calculated as glucose level (mg glucose/dL

[Table 2]

22-2
22-2/CrMEX1ox 22-2/AtMEX1ox

1 2 3 5 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%
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culture), and the horizontal axis represents culture time in the main culture process.
[0165] Fig. 4 demonstrates that the modified strains with overexpression of GSH1 and suppressed expression of ATG8
(22-2/CrMEX1ox and 22-2/AtMEX1ox) had an increased amount of starch per culture after 96 hours from the initiation
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 ATG8 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]

[0166] The modified strains with overexpression of GSH1 and suppressed expression of ATG8 produced in Example
1 (22-2/ CrMEX1ox clone 3 and 22-2/AtMEX1ox 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 mE/m2/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 1.03104 cells/ml, and were cultured under shaking and continuous irradiation with an intensity of light
of 100 mE/m2/sec (main culture). The strain with overexpression of GSH1 (22-2) was used as a control.
[0167] 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 ATG8 (22-2/CrMEX1ox), and Fig. 5(a-2) illustrates the transition
of the cell count of another modified strain with overexpression of GSH1 and suppressed expression of ATG8
(22-2/AtMEX1ox). Fig. 5(b-1) illustrates the transition of the microparticle count of the modified strain with overexpression
of GSH1 and suppressed expression of ATG8 (22-2/CrMEX1ox), and Fig. 5(b-2) illustrates the transition of the micro-
particle count of another modified strain with overexpression of GSH1 and suppressed expression of ATG8
(22-2/AtMEX1ox). 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.
[0168] Fig. 5(a-1) and 5(a-2) demonstrate that the cell proliferation was promoted in the modified strains with overex-
pression of GSH1 and suppressed expression of ATG8 (22-2/CrMEX1ox and 22-2/AtMEX1ox) as compared to the
control, i.e. the strain with overexpression of GSH1 (22-2). Fig. 5(b-1) and 5(b-2) demonstrate that the modified strains
with overexpression of GSH1 and suppressed expression of ATG8 (22-2/CrMEX1ox and 22-2/AtMEX1ox) 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 presumed to be starch granules leaking from dead cells into the medium.
Accordingly, the results suggest that extracellular release of starch was promoted.

[Example 7: influences on the starch production in the strain with overexpression of GSH1 by ATG8 silencing]

[0169] 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 mE/m2/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 1.03104 cells/ml, and were cultured under shaking and continuous irradiation with a light intensity of
100 mE/m2/sec (main culture). The strain with overexpression of GSH1 (22-2) was used as a control.
[0170] 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.
[0171] Fig. 6 demonstrates that the modified strain with overexpression 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 overexpression of GSH1 (22-2). Such results indicate that suppressing
the expression of the ATG8 gene further increases the amount of accumulated starch in the strain with overexpression
of GSH1.

[Example 8: influences on the cell proliferation in the strain with overexpression of GSH1 by ATG8 silencing]

[0172] 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
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TAP liquid medium with a plastic inoculation loop. The cells were cultured under shaking and continuous irradiation with
a light intensity of 10 mE/m2/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 a fresh TAP liquid medium
at a cell density of 1.03104 cells/ml, and were cultured under shaking and continuous irradiation with a light intensity of
100 mE/m2/sec (main culture). The strain with overexpression of GSH1 (22-2) was used as a control.
[0173] The results are shown in Fig. 7. Fig. 7(a) illustrates the transition of the cell count, and Fig. 7 (b) 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 represents
the microparticle counts per culture (mL culture), and the horizontal axis represents the culture time in the main culture
process.
[0174] Fig. 7 (a) indicates that the cell proliferation was promoted in the modified strain with overexpression of GSH1
and suppressed expression of ATG8 (22-2amiATG8) as compared to that of the control strain with overexpression of
GSH1 (22-2). Fig. 7 (b) indicates that the modified strain with overexpression of GSH1 and suppressed expression of
ATG8 (22-2amiATG8) 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]

[0175] The modified strains with overexpression of GSH1 and suppressed expression of ATG8 (22-2/CrMEX1ox,
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 mE/m2/sec. A part of each culture was daily collected in a glass tube and was cryopreserved until the analysis.
[0176] Oils and fats were collected from the cells by the following procedure. The gaseous phase of the glass tube
was purged with nitrogen, and 20 mg 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 mL 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
mm). The oven was heated at 3°C/minute to 200°C and then was maintained at 200°C for 6.5 minutes.
[0177] 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), linoleic 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, respectively.
The vertical axis represents amounts of fatty acids (mg) or cell count (3106 cells) per culture (mL culture), and the
horizontal axis represents the culture time (days) after the initiation of the main culture. The results for 22-2/CrMEX1ox
clone 1 and 22-2/AtMEX1ox clone 7 are shown as representative.
[0178] Fig. 8 demonstrates that the modified strains with overexpression 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]

[0179] The present invention provides algal biomass production with lower costs and higher efficiency than traditional
methods. 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]

[0180]
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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 encoding 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 encoding 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 γ-glutamylcysteine synthetase derived from Chlamydomonas reinhardtii
SEQ ID NO: 7: a base sequence of a polynucleotide encoding γ-glutamylcysteine synthetase derived from
Chlamydomonas reinhardtii
SEQ ID NO: 8: a base sequence of a template of Chlamydomonas reinhardtii MEX1 cDNA
SEQ ID NO: 9: a base sequence of a primer used in amplification of the template of Chlamydomonas reinhardtii
MEX1 cDNA
SEQ ID NO: 10: a base sequence of a primer used in amplification of the template of Chlamydomonas reinhardtii
MEX1 cDNA
SEQ ID NO: 11: a base sequence of a template of Arabidopsis thaliana MEX1 cDNA
SEQ ID NO: 12: a base sequence of a primer used in amplification of a template of Arabidopsis thaliana MEX1 cDNA
SED 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 Chlamydomonas
reinhardtii
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Claims

1. A method of biomass production using a modified alga that has a suppressed expression of ATG8 as compared to
that of the reference strain.

2. The method according to claim 1, wherein the method comprises a photoirradiation step to irradiate the alga with light.

3. The method according to claim 1 or 2, wherein the alga has an increased chloroplastic glutathione concentration
as compared to that of the reference strain.

4. The method according to claim 3, wherein the photoirradiation step is carried out under conditions substantially
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without nitrogen deficiency.

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

6. A modified alga having suppressed expression of ATG8 as compared to that of the reference strain.

7. The modified alga according to claim 6, wherein the alga overexpresses MEX1.

8. The modified alga according to claim 7, wherein the alga comprises an exogenous polynucleotide introduced therein,
the exogenous polynucleotide encoding MEX1.

9. The modified alga according to claim 8, wherein the exogenous polynucleotide is one or more polynucleotides
selected from the group consisting of:

(a) a polynucleotide encoding a polypeptide which comprises an amino acid sequence set forth in SEQ ID NO:
1 or SEQ ID NO: 3;
(b) a polynucleotide encoding a polypeptide which comprises 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 hybridizable with a polynucleotide 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.

10. The modified alga according to claim 6, wherein the alga comprises an ATG8 gene silenced.

11. The modified alga according to claim 10, wherein the alga comprises a miRNA introduced therein, the miRNA having
a base sequence set forth in SEQ ID NO: 5.

12. The modified alga according to any one of claims 6 to 11, wherein the alga has an increased chloroplastic glutathione
concentration as compared to that of the reference strain.

13. A method of producing a modified alga, the method comprising an ATG8 expression suppressing step to suppress
expression of ATG8.

14. The method according to claim 13, wherein the method comprises a glutathione enriching step to increase a chlo-
roplastic glutathione concentration.

15. Starch produced using a modified alga that has suppressed expression of ATG8 as compared to that of the reference
strain.

16. The starch according to claim 15, wherein the alga has an increased chloroplastic glutathione concentration as
compared to that of the reference strain.
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