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METHOD OF TRANSFERRING GENE INTO
ALGAL CELL INVOLVING UTILIZING
MULTIPLE SQUARE-WAVE PULSES IN

THREE STEPS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a technology for efficiently
transferring a gene into a eukaryotic algal cell with cell-wall,
by performing electroporation through application of mul-
liple squarc-wave pulses in threc steps with total electric
energy of a first electric pulse adjusted within a predeter-
mined range.

2. Description of the Related Art

Technical problem in gene transfer into cukaryotic algae

In recent years, novel and useful species of eukaryotic
algae have been discovered one afler another, and utilization
of micrealgae that produce oils and fats through photosyn-
thesis is expected to be a key to next-generation biofuel pro-
duction. Accordingly, in order to produce strains of those
algae having useful traits, there has been a demand for devel-
opment of gene transfer and transformation technologies.

However, cells of the cukaryotic algae have thick cell walls
for protecting the cells as with general plant cells, and hence
significant technical problems exist in performing gene trans-
fer and transformation.

As a current transformation technology for eukaryotic
algal cells, specifically, there may be given (1) a ‘glass bead
method,” which involves allowing algal cells, DNA to be
transferred, and glass beads to coexist in a solution, and
agilating the selution vigorously for a certain period of time,
thereby causing damage to the cells to transfer the DNA inlo
the cells (see Kindle, K.: High-frequency nuclear transforma-
tion of Chiamydomonas reinhardiii. Proc. Natl. Acad. Sci.
USA, 87, p 1228-1232 (1990)). In addition, (2) an ‘clectropo-
ration method’ has also been performed, which involves
allowing algal cells and DNA to be transferred to coexistin a
solution, and discharging a current charged in a capacitor,
thereby causing damage to the cells to transfer the DNA into
the cells (sec Shimogawara, K., Fujiwara, S., Grossman, A.,
and Usuda, H.: High-efficiency transformation of Chlamy-
domonas reinhardeii by clectroporation. Genetics, 148, p
1821-1828 (1998)).

However, in each of the glass bead method and the elec-
troporation method, it is necessary to perform the gene trans-
fer under a state in which the target aigal cells have been
converted into “protoplasts,” ie., the cell walls have been
removed from the cells. Accordingly, when any of those
methods is performed, it is necessary to establish systems for
the conversion inlo protoplasts and their regeneralion
depending on the specics of the target alga. (It should be noted
that, when the protoplasts are not prepared, it is necessary to
produce a cell wall-less special mutant strain.}

Therefore, it is recognized to be difficult in reality to use
any ol those methods for most species of algae other than
certain algae (e.g., Chlamydomonas reinhardtii). In addition,
the following problem has been pointed out. That is, when any
of those methods is performed for Chlamydomonas rein-
hardtii or the like, the conversion into protoplasts and their
regeneration are time-consuming processes, and hence repro-
ducibilily is low depending on experimenters.

In addition, as a mcthod that allows the preparation of
protoplasts to be omitted, there is given (3) a method involv-
ing using a ‘gene gun (particle gun).” The method is a method
involving preparing gold particles or tungsien particles
coated with DNA to be transferred, and shooting the particles
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into cells with gunpowder or a nitrogen gun to transfer the
DNA into the cells (see Boynton, J., Gillham, N., Harris, E.,
Hosler, J., Johnson, A., Jones, A., Randolph-Anderson, B.,
Robertson, D., Klein, T., Shark, K., and Sanford, J.: Chloro-
plast transformation in Chiamydomonas with high velocity
microprojectiles. Science, 240, p 1534-1538 (1998), and
Blowers, A., Bogorad, L., Shark, K., and Sanford, J.: Studies
on Chiamydomonas chloroplast transformation: foreign
DNA can be stably maintained in the chromosome. Plant
Cell, 1, p 123-132 (1989)).

However, the method needs an expensive and special
device and costly consumables, and requires a ong period of
time for sample preparation. Hence, the method is recognized
to be difficult to utilize with general laboratory-level equip-
ment. There is aiso a problem in that the method is not suitable
for performing high-throughput or large-scale treatment. Fur-
ther, the following problem has also been pointed out. That is,
sufficient transformation efficiency cannol be expected
because of its low gene transfer frequency.

Necessity of Gene Transfer Technology for Eukaryotic
Algae

As described above, technical problems exist in transfer-
ring an exogenous gene into cukaryolic algal cells, and gene
transfer into species of algae other than certain species such as
Chlamydomonas reinhardtii is substantially difficult in the
present situation. Accordingly, there has been desired devel-
opment of a highly general-purpose gene transfer method that
is applicable to any species of algae. In particular, there is a
demand for development of a technology that is readily appli-
cable to various useful algae such as green algae and diatoms.

In addition, also in the case of performing gene transfer
into Chiamydomonas reinhardtii or the like, it is necessary to
prepare gametolysin, which is a cell wall lytic enzyime, and
hence there has been desired development of a method that
enables efficient gene transfer within a shorter pericd of time.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a technol-
ogy that solves Lhe above-mentioned problems, and is directly
applicable to eukaryotic algal cells with cell-wall, the tech-
nology enabling gene transfer and transformation to be per-
formed with high efficiency and good reproducibility irre-
spective ol specics of algae.

The inventors of the present invention have made extensive
studies in order to attain the object, and as a result, have found
thal gene transfer and transformation can be performed for
eukaryotic algal cells with cell-wall with high efficiency ina
stable manner by performing eleciroporation using multiple
square-wave pulses by the following three steps: applying a
square-wave electric pulse {first electric pulse) with a high
voltage for a short period of time under the condition that its
total electric energy falls within a predetermined range; then
applying a square-wave electric pulse (second electric pulse)
with alow voltage for along period of time two oF more times;
and then applying a square-wave electric pulse (third electric
pulse) that is opposite in polarity Lo the second electric pulse,
with a low voltage for a long period of time, two or more
times.

In particular, the inventors of the present invention have
found that a particularly important technical feature is to
satisfy “the condition such that the total electric energy of the
first electric pulse falls within a predetermined range” among
those electric conditions.

The inventors of the present invention have also found that
the ciectroporation method that satisfics the electric condi-
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tions is a technology that is widely applicable to green algae
and diatoms irrespective of certain species of algae.

It should be noted that, in this context, in an electroporation
method that is generally performed for eukaryotic algat cells
as a related art, there has been often used a method involving
applying an electric pulse once from an output device that
adopts “decay wave system (exponential system)” to sus-
pended cells (see, for example, Shimogawara, K., Fujiwara,
S., Grossman, A., and Usuda, H.: High-efficiency transfor-
mation of Chlamydomonas reinhardtii by electroporation,
Genetics, 148, p 1821-1828 (1998)). In addition, as a tech-
nology for mammalian cells, there has been disclosed a
method involving applying {wo diflerent types of electric
pulsesio perform efficient gene transfer into mammalian cells
(see Sukharev 5.1., Klenchin V. A., Serov 8. M., Chemo-
mordik L. V., and Chizmadzhev Yu. A.: Electroporation and
electrophoretic DNA (ransfer into cells. Biophys. I., 63, p
1320-1327 (1992)).

However, when electroporation is performed for an “alga
with cell-wall” by any of the methods described in those
documents, gene transfer efficiency shows a remarkably low
value. Accordingly, when electroporation based on any of
those technologies is applied, il is necessary Lo convert target
algal cells into protoplasts before applying electric pulses.

The present invention has been made based on those find-
ings. .
That is, the invention according to a first aspect relates to a
method of transferring an exogenous gene into a cukaryolic
algal cell, the method including performing electroporation
using multiple square-wave pulses by the following three
steps:

applying a square-wave electric pulse that satisfies a con-
dition as defined in the following item {A) to a solution one
time, lwo times or more so that the square-wave electric pulse
has a tolaf electric encrgy of 1.3 to 4.9 J/100 pL, the solution
containing a cell of a green alga with cell-wall, and a nucleic
acid molecule;

applying a square-wave electric pulse that satisfies condi-
tions as defined in the following items (B1) and (B2) to the
solution at least Lwo times; and

applying a square-wave electric pulse that satisfies condi-
{ions as defined in the following items {C1) to (C3) to the
solution at least two times:

(A) asquare-wave electric pulse having a voltage per pulse
of 750 V/cm or more;

(B1) a square-wave clectric pulse having a voltage per
pulse of 150 V/em or less;

(B2) a square-wave electric pulse having an electric energy
per pulse of 0.02 to 0.6 /100 uL;

(C1)asquare-wave electric pulse opposite in polarity to the
electric pulse that salisfies the conditions as defined in the
items (B1) and (B2);

(C2) a square-wave electric pulse having a voltage per
pulse of 150 V/em or less; and

(C3) a square-wave electric pulse having an electric energy
per pulse of 0.02 to 0.6 /100 pL.

In addition, the invention according to a second aspect
relates to a methed of transferring an exogenous gene into a
eukaryotic algal cell, the method including performing clec-
troporation using multiple square-wave pulses by the lollow-
ing three steps:

applying a square-wave electric pulse that satisfies a con-
dition as defined in the following item (A) to a solution one
time, two times or more so that the square-wave electric pulse
has a total electric energy of 3.3 to 14.3 J/100 uL, the solution
containing a cell of a diatom with cell-wall, and a nucleic acid
molecule;
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applying a square-wave electric pulse that satisfies condi-
tions as defined in the following items (B1) and (B2) to the
solution at least two times; and

applying a square-wave electric pulse that satisfies condi-
tions as defined in the following items (C1) to (C3) to the
solution at least two limes:

(A) a square-wave electric pulse having a voltage per pulse
of 750 Vicm or more;

(B1) a square-wave eleclric pulse having a voltage per
pulse of 150 V/cm or less;

(B2) asquare-wave electric pulse having an electric energy
per pulse of 0.02 to 0.6 J/100 ul;

{C1)asquare-wave electric pulse opposite in polarity to the
electric pulse that satisfies the conditions as defined in the
items (B1) and (B2);

{C2) a square-wave electric pulse having a voltage per
pulse of 150 V/cm or less; and

(C3) a square-wave electric pulse having an electric energy
per pulse of 0.02 10 0.6 1/100 L.,

In addition, the invention according to a third aspect relates
to a method according to the first or second aspect, in which
the green alga or the diatom includes a unicellular microalga.

In addition, the invention according to 4 forth aspect relates
to a method according to any one of the first to third aspects,
in which the applying of the square-wave electric pulse that
satisfies the condition as defined in the following item (A) is
performed at least two times:

(A) a square-wave electric pulse having a voltage per pulse
of 750 V/em or more.

In addition, the invention according to a (ifth aspect relates
to a method according Lo any one of the first to fourth aspects,
in which:

the applying of the square-wave electric pulse that satisfies
the conditions as defined in the following items (B 1) and (B2)
is performed at least five times; and

the applying of the square-wave electric pulse tha satisfies
the conditions as defined in the following items (C1) to (C3)
is performed at least five times:

(B1) a square-wave clectric pulse having a voltage per
pulse of 150 V/cm or less;

(B2) asquare-wave electric pulse having an electric energy
per pulse of 0.02 to 0.6 J/100 pL;

(C1) asquare-wave electric pulse opposite in polarity to the
electric pulse that satisfies the conditions as defined in the
items {B1) and (B2);

(C2} a square-wave electric pulse having a voltage per
pulse of 150 V/cm or less; and

(C3) asquare-wave electric pulse having an clectric energy
per pulse of 0.02 (0 0.6 J/100 ul.

In addition, the invention according to a sixth aspect relates
to a method according to any one of the first to fifth aspects,
in which the electroporation is performed using a cuvette
electrode with a gap of 2 mm or more.

In addition, the invention according to & seventh aspect
relates to a method according to any one of the first 1o sixth
aspects, in which the cell is suspended in the solution.

In addition, the invention according to an eighth aspect
relates to a method of transforming a eukaryotic algal cell, the
method including performing gene transfer by the method
according to any one of the first to seventh aspects.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIG. 1lis adiagram illustrating the concept of an electropo-
ration meihod involving performing electroporation using
multiple square-wave pulses in three steps according to the
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present invention, in which the vertical axis represents volt-
age (V) and the horizonlal axis represents lime (msec), and in
which “Pp” represents a poring pulse and “Tp” represents a
transfer pulse;

FIG. 2 is a photographic image taken of a TAP agar
medium after the growth of Chlamydomonas reinhardtii cells
transformed with ahygromycin resistance gene in Example 1,
in which grown green colonies indicate colonies of Chlamy-
domonas reinhardtif having hygromycin resistance;

FIG. 3 are graphs showing number of transformed cells
measured in Example 2, in which the vertical axis represents
the number of transformed celis per pg DNA and the hori-
zontal axis represents the pulse length (msec) of the poring
pulse, FIG. 3A being a figure showing results under the con-
dition that the voltage of the poring pulse is 200 V (1,000
Viem), FIG. 3B being a figure showing resulis under the
condition that the voltage of the poring pulse is 250V (1,250
Vicm), FIG. 3C being a figure showing results under the
condition that the voltage of the poring pulse is 300V (1,500
Yicm);

FiG. 4 is a graph showing number of transformed cells
measured in Example 3, in which the vertical axis represents
the number of transformed cells per ug DNA and the hori-
zonltal axis represents the total electric energy of the poring
puise (J/100 pL);

FIG. 5 is a graph showing number of transformed cells
measured in Example 4, in which the vertical axis represents
the number of transformed cells per pg DNA and the hori-
zontal axis represents DNA concentration;

FIG. 6 is a photographic image taken of cells transformed
wilh pTT1-LciB-GFP with a fluorescence microscope in
Example 5, in which green portions indicate GFP fluores-
cence and in which the bar represents 3 pm;

FIG. 7 is a graph showing number of transformed cells
measured in Example 8, in which the vertical axis represents
the number of transformed cells per pg DNA and the hori-
zontal axis represents the total electric energy of the poring
pulse (J/100 uL); and

FIG. 8 are photographic images taken of cells transformed
with pPha-T1-sGFP-GUS in Example 8, in which the bar
represents 10 ism, FIG. 8A being a photographic image taken
with a microscope under visible light, FIG. 8B being a pho-
tographic image taken with a (luorescence microscope, in
which green portions indicate GFP fluorescence, FIG. 8C
being a photographic image taken with a microscope under
visible light after GUS staining, in which blue portions indi-
cate portions stained with GUS.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Hercinafter, cmbodiments of the present invention are
described in detail.

The present invention relates Lo a technology for elficiently
transferring an exogenous gene into eukaryotic algal cells
with cell-wall by performing electroporation through the
application of multiple sguare-wave pulses in three steps with
the total electric energy of a first electric pulse adjusted within
a predetermined range.

(Eukaryolic Algal Cell)

An clectroporation method of the present invention is a
technology that uses “cukaryotic algal cells with cell-wall” as
gene transfer targets.

In this context, the term ‘eukaryolic algae’ refers to cukary-
otic organisms that perform photosynthesis, but the technol-
ogy of the present invention specifically uscs algac classified
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6

as green algae or diatoms as targets. Those cells have common
properties in that the cells have thick cell walls outside cell
membranes.

The reason why electroporation based on a conventional
method is not directly applicable to those cells lies in that the
thick cell walls inhibit gene transfer, That is, when the general
electroporation method that has been applied to bacleria or
animal cclls (c.g., mammals and insects) is merely per-
formed, gene transfer and transformation cannot be per-
formed for eukaryotic algal cells at a level sufficient for
practical use.

Itis recognized that the technology of the present invention
is applicable to any specics of eukaryotic alga belonging lo
the green algae or the diatoms as long as the kind and thick-
ness of its cell wall are those of the cell wall of an alga that
normally exists in nature.

In this context, the term ‘green algae’ refers to green algae
having chloroplasts containing chlorophylls a and b (green
algae in a broad sense). The green algae may also be defined
as a group consisting of Viridiplantac excluding land planis
(bryophytes, pteridophytes, SYMnosperms, and
angiosperms).

The green algae include an extremely huge variety of spe-
cies of algac ranging from unicellular to multicellular ones.
Specific examples thereof may include algae belonging to the
class Chlorophyceae (green algae in a narrow sense: e.g.,
Chlamydomonas sp., Volvox sp., Goniwmn sp., Botryococcus
sp., Pediastrum sp., and Scenedesmus sp.), the class Ulvo-
phyceae (e.g., Enferomorpha sp., Ulva pertusa Kjellman,
Codiwmn sp., and Actabulariasp.), and the class Charophyccae
(e.g., Charasp., Coleochaete sp., Closterium sp., Cosmarium
sp., Spirogyra sp., and Chaetosphaeridium sp.).

In addition, many useful algae such as oil-producing green
algae have been being discovered, and hence the green algae
are a group to which the gene iransfer technotogy of the
preseni invendion is expected to be applied. In addition,
genomic and genetic analyses of Chlamnydontonas reinhardtii
have been exiremely highly advanced and many gene mutants
thereof have been accumulated as well.

Many species of green algae are surrounded by thick cell
walls containing polysaccharides including cellulose as main
components, but the gene transfer lechnology of the present
invention is applicable to any species thereof as long as the
kind and thickness of its cell wall are those of acell wall Found
in a wild type.

It should be noled that the technology of the present inven-
tion s suitably applicable to cells of green algae belonging to
preferably the order Volvocales (order Volvocida), 1o which
Chlamydomonas reinhardtii belongs, more preferably the
family Chlamydomonadaceae, still more preferably the
genus Chlamydomonas. This is because it is recognized that
the cell walls of those algal cells have particularly similar
properlics to those of the cell wall of Chlamydomonas rein-
hardtii among the green algac.

It should be noted that the group of the so-called ‘plants,’
i.e., land plants (bryophytes, pteridophyles, gymnosperms,
and angiosperms) originale {rom relatives of Chara algae,
part of green algae, which appeared on land and underwent
adaptive radiation on land about 450,000,000 to 500,000,000
years ago, However, the plants are species that have highly
differentiated multicellularity, and are a group that have
undergone, for example, secondary thickening or lignifica-
tion of cell walls for adaptalion to dry conditions in associa-
tion with their appearance on land. Accordingly, it is
unknown whether or not the technology of the present inven-
tion is applicable therelo in principle.
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In this context, the ferm ‘diatoms’ refers to a group of algae
that constitute the Chrysophyia (Heterokontophyta) and are
brown in color owing 1o the properties of chloroplasts. All
diatoms are unicellular species, and account for many of
freshwater and sea-water plankton. In addition, the diatoms
cause red tides. Specific examples thereof may include dia-
{oms of the order Pennales (e.g., Phacodactylum sp., Cylin-
drotheca sp., and Navicula sp.) and diatoms of the order
Centrales (such as Cyclotella sp., Thalassiosirasp., and Cha-
etoceros Sp.). Among the diatoms exist species that are com-
mercially important because of having siliceous frustules and
producing useful lipids. In addition, Phaeodactylum tricor-
nuetum, which is unicellular, is a species that has been ana-
lyzed in detail as a representative species of diatom cells.

Many species of diatoms are surrounded by siliceous thick
cell walls {frustules), butit is recognized that the gene iransfer
technology of the present invention is applicable to any spe-
cies thereof as long as the kind and thickness of its cell wail
are those of a cell wall (frustule) found in a wild {ype.

It should be noted that the technology of the present inven-
tion is suilably applicable to cells of diatoms belonging to
preferably the order Pennales (order Naviculales), 10 which
Phaeodactylum tricornutum belongs, more preferably the
family Phacodactylaceae, still more preferably the genus
Phaeodactylum. This is because it is recognized that the cell
walls of those algal cells have particularly similar properties
tothosc of the cell wall of Phaeodactylum tricornutum among
the diatoms,

The technology of the present invention is particularly

effective for ‘unicellular microalgae." This is because elec- 3

troporation ireatment can be direcUly performed for algal cells
prepared through culture, harvest, and the like without per-
forming any. special cell treatment. Another reason is that
cubture can be directly performed after gene transfer without
any need for regeneration treatment or the like.

1t should be noted that, in order to apply the gene transfer
technology of the present invention to ‘multicellular algae,’ it
is necessary to treat a plant body so as to have a size that can
be accommodated in a cuvette. For example, from the view-
points of gene transfer elficiency and (ransformation eflfi-
ciency, il is suitable to perform electroporation treatment
under a state in which the multicellular algac have been sepa-
rated into single cells or aggregates of several cells through
treatment with a cell wall Iytic enzyme or the like. In addition,
from the viewpeint of facilitating tissue regencration afier
gene transfer, it is desirable to perform electroporation (reat-
ment under a state in which the multicellular algae bave been
subjected to shredding, tissue detachment, or the like to pre-
pare tissue fragments.

(Electroporation Treatment)

It is essential for the technology of the present invention to
perform treatment of applying, 1o a solution containing the
algal cells and a nucleic acid molecule, multiple square-wave
pulses in three steps (hat satisfy predetermined electric pulse
conditions (electroporation (reatment).

Electroporation Buffer

The electroporation treaiment is performed by charging an
electrode solution into an electrode container with the solu-
tion conmtaining the target algal cells and the nucleic acid
molecule to be transferred.

In this case, as the solution (electroporation buffer), a lig-
uid medium to be used for culturing freshwater algae may be
used as it is or after dilution with water. That is, it is not
necessary to purchase or prepare any special electroporation
buffer. In addition, in the case of sea-water algae, a medium
having no or significantly reduced salt content may be used.
In this regard, however, the solution desirably has an osmotic
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pressure adjusted so as to be isotonic with the cytoplasm
through the addition of a saccharide {e.g., sucrose, mannitol,
or sorbitol). This is because damage 1o the cells at the time of
the ¢lectroporation can be reduced.

In addition, it is suitable to use, as the solution, a medium
containing no antibiotic (antibictic-free medium). This is
because, when an antibiotic is present in the solution, the
antibioticis incorporated into the cells through the electropo-
ration treatment, resulting in a decrease in the viability of the
cells. It should be noted that the incorporation of an antibiotic
is permitted as long as its concentration is low (e.g., 1% or
less, preferably 0.53% or less).

Nucleic Acid Molecule

In this context, the term ‘nucleic acid molecule’ widely
refers to exogenous nucleic acid molecules (e.g., DNA, RNA,
and RNP) to serve as objects to be transferred, and DNA is
envisaged as a main object {0 be transferred. The DNA pref-
erably has a linearized shape (e.g., a PCR product or a restric-
tion enzyme-treated product), but may be in a circular state
like a plasmid or the like. In addition, an oligonucleotide,
siRNA, antisense RNA, or a viral veclor may also be trans-
ferred.

In addition, as sequence information, there may be given
cDNA having a gene sequence and a sequence of genomic
DNA. The sequence information includes not only the full-
length sequence of a gene, but also a partial sequence, a
regulatory region, a spacer region, a mutant sequence, a con-
struct sequence, and the like of a gene.

Itis suitable that the concentration of the nucleic acid (o be
incorporated into the solution (electroporation buffer) be 0.5
pg/mL or more, preferably 1 pg/mL or more, more preferably
ug/mL or more, still more preferably 2.5 ug/mL or more,
particularly preferably 3 pg/ml. or more, ¢ven more prefer-
ably 4 pg/mL. or more, stilf even more preferably 4.5 pg/mL or
more, yet still even more preferably 5 pg/mL or more. The
case where the nucleic acid concentration is excessively low
is not preferred because gene transfer efficiency lowers.

1L is suitable that the upper limit of the nucleic acid con-
centration be 200 pg/mL or less, preferably 150 pg/mL or
less, more preferably 125 pg/mL or less, still more preferably
100 pg/mL or less, particularly preferably 75 pg/mL. or less,
even more preferably 50 pg/mL or less, still even more pref-
erably 40 pg/mlL or less, yet still even more preferably 30
pg/mL. or less, particularly even more preferably 25 ug/mL or
Iess. The case where the nucleic acid concentration is exces-
sively high is not preferred because the viability of the cells
decreases, resulting in a decrease in transformation effi-
ciency.

In consideration of the foregoing, when the nucleic acid
concentration is 1 to 100 pg/ml., preferably 2.5 to 50 ug/mL.,
more preferably 5 to 25 ug/mlL., gene transfer and transfor-
mation can be performed with particularly high efficiency.

Cell Concentration

The concentration of the cells to be incorporated into the
solution (electroporation buffer) is desirably adjusted within
the range of 10% to 10” cells/mL, preferably 5x10° 1o 5x10%
cells/mL, more preferably 5x107 to 2.5%10% cells/mL., still
more preferably 2.5x107 to 10* cells/mL.

It should be noted that, in the preparation of the solution
containing the algal cells and the nucleic acid, it is desirable
to perform an operation of agitation, for example, by pipetting
or with a vortex mixer for several seconds to achieve a state in
which the algal cells and the nucleic acid are thoroughly
mixed in the solution. A state in which the cells are suspended
at the time of the electroporation treatment is most suitable. It
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should be noted that so excessive performance of Lhe opera-
tion of agitation or the like that the solution is brought into a
foamed state is not preferred.

Device

In order to perform the eleclroporation treatment, any
device may be used as long as the device can output muliiple
square-wave pulses in three steps that satis{ly predetermined
electric pulse conditions to be described later.

For example, an electric pulse-outputting device “NEPA2}
(trademark)” from Nepa Gene Co., Lid. may be suitably used.
This device has a function of measuring an electrical imped-
ance value and a current value for each treatment, and hence
electric conditions can be set in detail. The device also has a
function of swilching electrical polarity for each electric
pulse when applying multiple eleciric pulses.

It should be noted that, although the electroporation may be
performed by devising a way to use a conventional square
pulse system electric pulse-outputting device, this is not suit-
able because clectric cnergy at the time of the electroporation
cannot be determined with the function of the device,

The electroporation treaiment is performed with a cuvelle
electrode holder connected to the electric pulse-outputting
device and an electrode container (cuvetie electrode) for
receiving the cell/nucleic acid mixed solution. An electric
pulse output from the electric pulsc-outputting device is cut-
put through the cuvette elecirode-holding container Lo the
cuvelte electrade inserted in the electrode container, and is
conducted to the cells in the electrode container.

As the cuvette electrode, any one may be used as long as it
has a capacity for general use. Forexample, there may be used
a cuvelte electrode with a gap of 1 mm (capacity: 20 to 70
um), 2 gap of 2 mm (capacity: 40 to 400 pm), or a gap of 4 mm
{capacity: 80 to 800 pm). Suitably, through the use of a 2-mm
gap cuvelte or a cuvette having a larger capacity (2-mm gap
cuvette or 4-mm gap cuvetie), results of both gene transfer
cfficiency and fransformation cfficicncy can be stabilized.

The electroporalion treatment may be performed at room
temperature (e.g., about 10 to 35° C.). It should be noted that
it is recommended to avoid cooling with ice in order to pre-
veni a water droplet [rom adhering 1o a metal part of the
electrode container.

(Electric Pulse Conditions)

The method of the present invention includes performing
clectroporation using multiple square-wave pulses by the fol-
lowing three steps: applying a square-wave electric pulse
(first electric pulse) with a high voltage for a short period of
time under predetermined conditions to the solution contain-
ing the algal cells and the nucleic acid molecule; then apply-
ing a square-wave electric pulse (second electric pulse) with
a low voltage for a long period of time o the solution two or
more times; and then applying a square-wave clectric pulse
(third electric pulse) that is opposite in polarity to the second
electric pulse, with a low voltage for a long period of time, to
the solution two or more Limes (see, for example, FIG. 1).

It is required that both the ‘voltage’ and ‘eleciric energy’ of
each of the first to third electric pulses in the presentinvention
fall within certain ranges to be described later.

The voltage in this context is a value representing a vollage
¥V 1o be applied per unit cm of the width between electrodes in
the electrode container {specifically, the width of the cavetie
electrode), For example, in order o apply a vollage of 300
Viem, the voltage to be applied is 30 V for a T-mm gap
cuvetie, 60V for a 2-mm gap cuvette, and 120V for a 4-mm
gap cuvetle,

inaddition, the clectric energy (W) in this contextis a value
representing electric energy (energy amount) to be applied
per 100 uL of the solution. For example, when a vollage (V)
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of 150V is applicd to 100 pL. of a solution having aimpedance
value of 50€2 for a time (T) of 5 msec in terms of pulse length,
a current (1) of 3 A is generated. [n this case, the electric
energy (W=VIT) to be applied per 100 pL of the solution is
2251

In addition, it is required to apply ‘squarc-wave’ electric
pulses as the electric pulses of the present invention. With
‘decay wave’ electric pulses, the gene transfer efficiency of
the present invention cannot be attained.

First Electric Pulse: Poring Pulse (Pp)

The electroporation treatment of the present invention is
the technology for which it is essential to apply the square-
wave electric pulse (first electric pulse: poring pulse) with a
high voltage for a short period of time under predetermined
conditions, Through the application of the first electric pulse,
small pores can be formed in the cell walls of the algal cells
with a small degree of damage.

It should be noted that, in an electroporation method for
bacteria or animal cells {conventional method), although
there is a finding that increasing the voltage of the first electric
pulse allows a nucleic acid molecule (e.g., DNA or RNA) to
be transferred into cells, gene transfer at a practical level
cannot be attained for algal cells (plant cells) by merely
increasing the voltage. This is because, when the damage Lo
the cell walls is severe, the viability of the cells subjected to
the electroporation {reatment remarkably decreases.

In the first electric pulse, it is necessary to apply a voltage
of at least 750 V/cm or more (150 V or more in the case of a
2-mm gap cuvetle). It is desirable to apply a voltage of pref-
erably 800 V/cm or more, more preferably 850 V/em or more,
still more preferably 900 V/cem or more, particularly prefer-
ably 950 V/cm or more, even more preferably 1,000 Viem or
more. This is because, when the voltage is excessively low,
smail pores cannot be formed in the cell walls.

It should be noted that the first electric pulse may be
applied without any particular limitation on the upper limit of
its voltage value as long as a condition for the total electric
energy Lo be described later is satisfied. This is because the
degree of damage to the cell walls depends not on the value of
the voltage but on the value of the ‘total electric energy
(energy amount).

It is essential that the ‘total electric energy’ of the first
electric pulse fall within a predetermined range. In this con-
text, the total electric energy is a value showing the total value
of the electric energy of electric pulses each having the above-
mentioned voltage value or higher. For example, when an
electric pulse of 750 V/cm or more is applied two times, the
total value of the electric energy of the two times of electric
pulses is defined as the value of the total electric energy.

When cells of a green alga are used as targets, it is essential
that the total electric energy be 1.3 J/100 uL or more. When
the total electric energy is excessively low, sufficient gene
transfer efficiency cannot be aitained. The lower limit of the
total electric energy may be, forexample, preferably 1.7J/160
uL. or more, more preferably 1.9 J/100 pk. or more, still more
preferably 2.1 J/100 ul. or more, parlicularly preferably 2.4
J/100 L. or more, even more preferably 2.7 J/100 p or more.

In addition, it is essential that the upper limit of the toial
electric energy be 4.9 J/100 pL or less. The case where the
total clectric cnergy is excessively high is not preferred
because damage o the cell walls or the c¢ll membranes
increases, resulting in a decrease in viability. The upper limit
of the total electric energy may be, for example, preferably
4.8 J/100 pL or less, more preferably 4.6 J/100 pl or less, still
more preferably 4.3 J/100 L or less, particularly preferably
3.8 J/100 pL or less, even more preferably 3.3 J100 L or
less.
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In consideration of the foregoing in a comprehensive man-
ner, it is suitable that the total electric energy be 1.3 to 4.9
JA00 pL, preferably 1.7 to 4.8 J/100 pL, more preferably 1.9
to 4.6 J/100 uL, still more preferably 2.1 to 4.3 /100 ul.,
particularly preferably 2.4 to 3.8 J/100 pL., even more pref-
erably 2.7 to 3.3 /100 uL, most preferably around 3 J/100 pL.
The condition for the total electric energy corresponds to a
condition for suppressing damage to the cell walls and the cell
membranes while forming, in the cell walls, small pores
suitable for the incorporation of a nucleic acid.

When cells of a diatom are used as targets, it is essential
that the total efectric energy be 3.3 J/100 uL. or more. When
the tolal electric energy is excessively low, sufficient gene
transfer efficiency cannot be attained. The lower limit of the
total efectric energy may be, for example, preferably 4.8 /100
uk. or more, more preferably 6.5 3/100 pl. or more, still more
preferably 7.5 /100 uL or more.

In addition, it is essential that the upper limit of the total
clectric energy be 14.3 1/100 uL or dess. The case where the
total electric energy is excessively high is not preferred
because damage to the cell walls and the cell membranes
increases, resulting in a decrease in viability. The upper limit
of the total electric energy may be, for example, preferably
12.9 J/100 pL. or less, more preferably 11.3/100 pL. or lgss,
still more preferably 10.2 J/100 ul or less,

In consideration of the foregoing in a comprehensive man-
ner, i is suitable that the total electric energy be 3.3 to 14.3
1100 L, preferably 4.8 10 12,9 J/100 ul., more preferably 6.5
te 11.3 /100 ulL., still more preferably 7.5 to 10.2 /100 ul.,
most preferably around 8.9 J/100 uL. The condition for the
total electric energy corresponds to a condition for suppress-
ing damage to the cell walls and the cell membranes while
forming, into the cell walls, small pores suitable for the incor-
poration of a nucleic acid.

It should be noled that the first electric pulse may be
applied without any particular limitation on the number of
times of its application as long as the total electric energy falls
within the above-mentioned range. For example, the electric
pulse may be applied at one time within the above-mentioned
range of the electric energy, or the electric pulse may be
applied iwo or more times by dividing (he electric energy.
Specifically, the number of the times may be, for example, 2
to 10. When the electric pulses are applied separately for a
plurality of (imes, an effect of slightly reducing the degree of
damage to the cell walls is expected.

It should be noted that an interval between pulses in the
case of the plurality of times of the application of the pulse
may be, for example, 200 msec or less, preferably 100 msec
or less, more preferably 75 msec or less, still more preferably
50 msec or less.

In addition, in the present invention, the pulse length and
decay rate of the first electric pulse are factors for determining
the clectric energy, but do not show direct correlations with
gene transfer efficiency and transformation efficiency.

Second Electric Pulse: Transfer Pulse T (Tp1)

The electroporation treatment of the present invention is
the technology for which it is essential to apply, after the
application of the first electric pulse (after the last output of
the first electric pulse), a squarc-wave electric pulse (second
¢lectric pulse: transfer pulse 1) with a fow voltage for a long
period of time under predetermined conditions. This is
because, by virtue of the second electric pulse, the nucleic
acid molecule is efficiently incorporated into the cells through
the small pores (pores in the cell walls formed by the first
electric pulse). It should be noted that the second electric
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pulse is a low-electric energy pulse having a low energy
amount, and hence is free of a risk of causing damage to the
cells.

1t should be noted that the electrical polarity of the second
electric pulse may be the same electrical polarity (the direc-
tion of the electrodes is the same) as or may be the opposite
polarity (the direction of the electrodes is opposite} to that of
the first electric pulse, but it is desirable that the electric pulses
preferably have the same polarity.

In the second electric pulse, il is necessary to apply a
voltage under a condition of 150 V/em or less (30 V or less in
the case of a 2-mm gap cuvette), It is desirable to apply a
voltage of preferably 125 V/cm or less, more preferably 100
V/cm or less. The case where the voltage is excessively high
is not suitable because damage 1o the cell walls increases,
resulting in a decrease in viability.

It should be noted that the second electric pulse may be
applied without any particular limitation on the lower limit of
its voltage value as long as a condition for the electric energy
per pulse to be described fater is satisfied.

It is essential that the ‘electric energy per pulse’ of the
second electric pulse fall within a predelermined range. It is
essential that the clectric energy be 0.02 J/100 pL or more.
When the electric energy is excessively low, sufficient gene
transfer efficiency cannot be attained. The lower limit of the
electric energy may be, for example, preferably 0.04 /100 uLL
or more, more preferably 0.06 J/100 pL. or more, still more
preferably .08 J/100 uL. or more, particularly preferably (.09
J/100 uL. or more, even more preferably 0.1 J/100 pL or more.

In addition, it is essential that the upper limit of the total
electric energy be 0.6 J/100 pL or less. The case where the
electric energy is excessively high is not preferred because
damage to the cell walls increases, resulting in a decrease in
viability. The upper limit of the electric energy may be, for
example, preferably 0.5 J/100 pl. or less, more preferably
0.45 J/100 pl. or less, still more preferably 0.4 J/100 pL or
less, particularly preferably (.35 J/100 uL or less, even more
preferably 0.3 /100 1L or less, still even more preferably 0.25
100 pL or less.

In consideration of the foregoing in a comprehensive man-
ner, it is suitable that the electric energy per pulse be 0.02 to
0.61/100 uL, preferably 0.04 to 0.5 /100 uL, more preferably
0.06 10 0.4 J/100 pL, still more preferably 0.08 to 0.3 /100
pL, particularly preferably 0.09 to 0.25 J/100 ul., even more
preferably 0.1 to 0.25 J/100 pL.

Inthetechnology of the present invention, it is required that
the second electric pulse be applied two or more times. It is
suitable that the number of the times be preferably 3 or more,
more preferably 4 or more, stili more preferably 5 or more,
particularly preferably 6 or more, even more preferably 7 or
more, still even more preferably 8 or more, yet still even more
preferably 9 or more, particularly even more preferably 10 or
more. Increasing the number of the times of the second elec-
tric pulse allows the incorporation of the nucleic acid mol-
ccule through the small pores to be performed many times,
and hence transfer efficiency can be improved. The upper
limit of the number of the times, which is not particularly
limited, may be, for example, 20 or less. This is because, even
when the number of the times is increased any further, the
efficiency is not expected 1o be improved greatly.

It should be noted that an interval between pulses in the
case of the plurality of times of the application of the pulse
may be, for example, 200 msec or less, preferably 100 msec
or less, more preferably 75 msec or less, still more preferably
50 msec or less.

In addition, in the present invention, the pulse length and
decay rate of the second electric pulse are factors for deter-
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mining the electric energy, but do not show direct correlations
with gene transfer efficiency and transformation efficicney.

Third Electric Pulse: Transfer Pulse 2 (Tp2)

The electroporation treatment of the present invention is
the technology for which it is essential to apply, after the
application of the second electric pulse (after the last output of
the second electric pulse), a square-wave electric pulse (third
electric pulse: transfer pulse 2) that is opposite in electrical
polarity (the direction of the electrodes is opposile) to the
second electric pulse, with a low voltage for a long period of
time under predetermined conditions.

By virtue of the third electric pulse, even after the comple-
tion of the incorporation of the nucleic acid molecule into the
cells with the second eleciric pulse, the nucleic acid molecule
can be further incorporated. That is, transfer efficiency can be
significantly improved. It should be noted that the third clec-
tric pulse, as with the second electric pulse, is also a low-
electric energy pulse having a low encrgy amount, and hence
is an electric pulse free of a risk of causing damage to the
cells.

The third electric pulse is, except for being opposile in
electrical polarity, an clectric pulse applied under the same
conditions as the second electric pulse. That is, as various
electric conditions for the third electric pulse, the same con-
ditions as the conditions described above for the second elec-
tric pulse may be adopted.

{Culture)

The technology of the present invention is an electropora-
tion treatment technology for ‘eukaryotic algal cells with
cell-wall,” and does not require treatment for converling the
target algae into protoplasts. Accordingly, when the cells after
the performance of the electroporation treatment through the
application of the predetermined electric pulses are cultured
in a general manner with a selection medium or the like,
transgenic algal cells (transformed algal cells) can be
obtained extremely simply.

EXAMPLES

Hereinafter, the present invention is described by way of
Examples. However, the scope of the present invention is not
limited to Examples shown below.

Example 1

“Electroporation Based on Square-Wave Three-Step
Method”

A study was made of whether or not transformation of
green algal cells still having cell walls based on an electropo-
ration method using a cuvette clectrode was able to be per-
formed through the use of the square-wave three-step
method.

(1) “Preparation of Algal Cell Solution”

First, a study was made using, as a targel, Chlamydomonas
reinhardtii, a unicellular green alga casy to analyze for trans-
formation.

300-mL conical flasks were previously subjected to dry-
heat sterilization treatment, 100 mL each of a Tris-Acetate-
Phosphate medium (TAP medium) were dispensed in the
flasks, and 5 mL of a liquid cullure medium of Chlamydomeo-
nas reimhardtii (Chlamydomonas reinhardtii strain C-9:
strain NIES-2235 from National Institute for Environmental
Studies) that had been precultured on a TAP medium were
inoculated thercin. While being agitated at 25° C. and 100
rpm under light illumination ai 50 pmol/m?®/sec, cullure was
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performed until the cell concentration reached 1 to 2x10%/mL
(OD at 730 nm reached 0.3 to 0.4).

The algal liquid culture medium was centrifuged (at 600xg
for 5 minutes), and suspended in a TS buffer (TAP medium
containing 40 mM sucrose) Lo prepare a cell solution.

(2) “Preparation of DNA Solution”

For a region of plasmid pHyg3 (sece Berthold P. et al.,
Protist., 153(4), p 401-412, (2002)) containing a hygromycin
resistance gene aph7, a PCR reaction was performed with
primers having base sequences set lorth in SEQ ID NOS: 1
and 2 (with an enzyme: PrimeSTAR GXL DNA Polymerase,
TAKARA, Japan) to afford a 1,999-bp DNA fragment. The
[ragment was purified with a PCR purification kit (QIAGEN,
USA) to prepare a DNA solution.

(3) “Electric Pulse Treatment”

In a 2-mL Eppendorf tube, the cell solution and the DNA
sotution were thoroughly mixed at normal temperature with-
out foaming to prepare a suspension having a final cell con-
centration of 1x10% cells/mL and a final DNA concentration
of 10 pg/mL. 40 pL of the suspension (4x10% cells/40 uL, 400
ng/40 pL) were charged into a 2-mm gap cuvette (EC-0023
NEPA cuveile electrode having a capacily of 40 to 400 uL,
Nepa Gene Co., Ltd.).

The cuvette was mounted to a cuvette clectrode chamber
(CU3500, Nepa Gene Co., Ltd.) of an electric pulse-generating
device (NEPA21 (trademark), Nepa Gene Co., Ltd.} capable
of generating squarc-wave electric pulses, and electric pulse
treatment was performed based on the eleciroporation
method involving using multiple pulses by the three steps of
sequentially applying three kinds of square-wave electric
pulses, i.e., the poring pulse (Pp), the transfer pulse 1 (Tpl),
and the transfer pulse 2 (Tp2) (see FIG. 1) (Test Group 1-1).
It should be noted that the series ol operations was performed
under a room temperature condition in order to prevent a
water droplet from adhering to the cuvette. It should be noted
that the “+” sign and the “~” sign in the table indicate the
polarities of the transfer pudses, and the “+” sign shows thatan
¢lectric pulse of the same polarily as the poring pulse was
applied, while the “~" sign shows that an electric pulse oppo-
site in polarity to the poring pulse was applied.

Mecanwhile, as a control, electric pulse treatment was per-
formed using a general decay wave electric pulse-generating
device (Gene-Pulser, Bio-Rad) under standard conditions in
the decay wave electric pulse method (Test Group 1-2).

(4) “Evaluation of Transformation Efficiency”

Within 1 minute afier the completion of the electric treat-
ment, the cell/DNA suspension was mixed with 10mL ofaTS
buffer that had been prepared in a 14-mL polyethylene tube.
The mixture was subjected to static culture at 25° C. for 24
hours under light jllumination at 2 to 3 pmol/m?/sec.

Alter the culture, the solution was centrifuged (at 60(kxg
for 5 minutes) and the supernatant was discarded, followed by
plating onto a 1.5% agar TAP medium containing 30 pg/mbL
hygromycin B. Static culture was performed at 25° C. under
light illumination at 80 pmol/m*/sec, and 4 days later, the
number of hygromycin-resistant colonies was counied. Table
1 shows the results. In addition, FIG. 2 shows a photographic
image of the TAP agar medium after the growth of trans-
formed cells.

From the results, it was shown that the transtormation ol
green algal cells (Chlamydomonas reinhardtii) still having
cell walls was able to be performed with extremely high
efficiency by performing electroporation involving sequen-
tially applying three kinds of square-wave electric pulses, i.e,
the poring pulse, the transfer pulse 1, and the transfer pulse 2
under electric conditions shown in Table 1 (Test Group 1-1).



US 9,255,276 B2

15

On the other hand, when the electroporation method was
performed under the standard conditions in the conventional
decay wave electric pulse method, the number of green algal
cells having cell walls that had been transformed was small
{Test Group 1-2).

(5) “Discussion”™

It was shown that the cukaryotic alga with cell-wall was
transformed with extremely high efficiency by sequentially
applying the three kinds of square-wave clectric pulses under
the above-mentioned conditions. It was shown that transfer
efficiency as high as about 26 times that in the conventional
method was able to be attained by the method of this example
without the performance of pretreatment for the algal cells.

TABLE 1
Test Group 11 Test Group 1-2
‘Fransfer method Squarg-wave  Decay wave method

three-step method  2.mem gap cuvette
2-mm gap cuvette

Set Pp Yoltage (V) 250V 300V (1,500 V/iem)
values (1,250 Viem)
Pulse length 8 ms
(ms)
Pulse interval 50 ms
(ms)
MNumber of 2 limes | time
pulses
Decay sate (%) 4%
Pulse infezval (ms) 50 ms
Tpl, Voltage (V} 20V (100 Viem),
Tp2 20W (100 Viem)
Pulse length 50 s, 50 ms
(ms)
Pulse interval 50 ms, 50 ms
(ms)
Number of 5 times, 5 times
pulses
Decay tate {55) 40%, 40%
Polarity +,
Evaluation Number of 3,380 & 470 150425
transformed
celis/
ng DNA
Example 2

“Study of Voltage Value and Pulse Length of Poring
Pulse”

Regarding the electric pulse conditions of the poring pulse,
a study was made of the influences of the voltage value and
the pulse length on the transformation efficiency.

(1) “Electric Pulse Treatment”

In the same manner as in the method described in Example
1, a cell/DNA suspension {Chlamydomonas reinhardtii strain
C-9: 1x10¥ cells/mL, about 2-kbp DNA fragment of pHyg3
containing aph7: 10 ug/mL.) was prepared, and 40 pL of the
suspension (4x10% cells/40 L, 400 ng/40 uL) were charged
into a 2-mm gap cuvelte.

Square-wave electric pulse treatment based on the three-
step method was performed by changing, for each prepared
sample, the voltage of the poring puise to 200V (1,000 V/cm),
250 V (1,250 V/cm), or 300 V (1,500 V/cm), and further
changing the pulse length to 2 ms, 4 ms, 6 ms, or 8 ms for each
voltage condition. It should be noted that 6 samples were
tested for each set of conditions (a total of 72 samples). in
addition, the number of times of pulses, the decay rate, and the
pulse interval were set to fixed values shown in Table 2. In
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addition, the equipment and basic operations used in this
treatment were the same as in the method described in
Example 1.

(2) “Evaluation of Transformation Efficiency”

In the same manner as in the method described in Example
1, the cells after the electric pulse treatment were cultured on
a TAP agar medium, and the number of hygromycin-resistant
colonies after the culture was counted to evaluate transforma-
tion efficiency. FIGS. 3A to 3C show the results.

From the results, it was found that, under the conditions
where the voltage condition of the poring pulse was 200 V
(1,000 Vicm) (FIG. 3A) or 250 V (1,250 V/em) (FIG. 3B),
when the pulse length was set to 2 to 8 ms, the number of
transformants was increased as the pulse length became
longer.

On the other hand, under 300 V (1,500 V/cm) (FiG. 3C),
when the pulsc length was set to 2 to & ms, the transfer
elficiency was likely 10 be increased as the pulse length
became fonger and the number of transformants peaked when
the pulse length was 6 ms. In addition, when the pulse length
was sel to 8 ms, there was observed such a tendency that the
number of transformants slightly reduced.

In addition, when the case of 8 ms under the condition of
250V (1,250 V/cm) (FIG. 3B) and the case of 8 ms under the
condition of 300 V (1,500 V/cm) (FIG. 3C) were compared,
there was observed such a tendency (hat the number of trans-
formants was higher under the condition of the lower voltage,
ie, 250V (1,250 Viem).

(3) “Discussion”

From the results, it was shown that the transformation
efficiency in this method had close relationships with the
electric conditions of the poring pulse, but did not have simple
proportional relationships with the vollage value, the current
value, and the like.

TABLE 2

Square-wave three-step method

Transfer method 2-mm gap cuveile

Set Pp Voltage (V) 200 to 300 V (1,000 to 1,500 V/em)
vitlucs Pulse length (ms) 208 ms
Pulse interval 50 ms
(ms)
Number of pulses 2 times
Decay rate (56) 40%
Pulse interval (ms) 50 ms
Tpl, Yoltage (V) 20 V (100 V/cm), 20 V (100 Viem)
Tp2  Pulse length (ms) 50 ms, 50 ms
Palse interval 50 ms, 50 ms
{ms)
Number of pulses 5 times, 5 times
Decay rale (%) 40%, 40%
Polarity +, —
Example 3

“Study of Electric Energy of Poring Pulse”

Regarding the electric pulse conditions of the poring pulse,
a study was made of the influence of the electric energy on the
transformation cfficiency.

(1) “Electric Pulse Treatment”

In the same manner as in the method described in Example
1, a cell/DNA suspension (Chlamydomonas reinhardtii strain
C-9: 1x10® cells/mL, about 2-kbp DNA fragment of pHyg3
containing aph7: 10 pg/mL) was prepared, and 40 pL of the
suspension (4x10% cells/40 pL, 400 ng/40 pL) were charged
into a 2-mm gap cuvette.



US 9,255,276 B2

17

Square-wave electric pulse treatment based on Lhe three-
step method was performed for a total of 84 samples by
changing, for each prepared sample, the total electric energy
(}/100 uL) of the poring pulse within horizontal axis values
shown in FIG. 4 {within the range of 0.5 to 5 /100 pL). It
should be noted that various eleciric conditions were set
within the ranges of values shown in Table 3. In addition, the
equipment and basic operations used in this treatment were
the same as in the method described in Example 1.

It should be noted that the electric energy of the initial pulse
of the transfer pulses under these electric conditions showed
a value of about 0.16 to 0.25 I/100 uL.

(2) “Evaluation of Transformation Efficiency™

In the same manner as in the method described in Example
1, the cells after the eleciric pulse treatment were cultured on
a TAP agar medium, and the number of hygromycin-resistant
colonies alter the culture was counted to evaluate transforma-
tion efficiency. FIG. 4 is the graph showing the results. It
should be noted that, in the graph, an approximation curve
was prepared from a set of points plotied for the respective
data.

From the results, it was found, regarding the transforma-
tion efficiency in this method, that, when the total electric
energy of the poring puise fell within the range of 1.3 10 4.9
3100 W, there was such a tendency that transformed cells
were obtained at about 1,000 cells/ug DNA or more, and high
transfer elficiency that was about 6.7 or more times as high as
the value of the related art (decay wave method: see Test
Group 1-2), i.¢., about 15¢ celis/ug DNA was provided.

In addition, it was found that, in the range of 1,7 10 4.8 J/100
ul., there was such a tendency that transformed cells were
obtained at about 1,500 cells/ug DNA or more, and higher
transfer elficiency that was about 10 or more times as high as
that in the related art was provided.

In addition, it was found that, in the range ol 1.9t0 4.6 100
uL, there was such a tendency that transformed cells were
obtained at about 2,000 cells/ug DNA or more, and particu-
farly high transfer efficiency that was about 13,3 or more
times as high as that in the related art was provided.

Inaddition, it was found that, in the range of 2.1 10 4.3 /100
uL,, there was such a tendency that transformed cells were
obtained at about 2,500 cells/ug DNA or more, and addition-
ally high transfer efficiency that was about 16.7 or more times
as high as that in the related art was provided.

In addition, it was found that, in the range of 2.4 t0 3.8 J/100
pL, there was such a tendency that transformed cells were
obtained al about 3,000 cells/pg DNA or more, and addition-
ally high transfer efficiency that was about 20 or more times
as high as that in the related art was provided.

In addition, it was found that, in the range of 2.7 to 3.3 1/100
pL., there was such a tendency that transformed cells were
obtained at about 3,500 cells/ug DNA or more, and more
additionally high transfer efficiency that was about 23.3 or
more times as high as that in the related art was provided.

In addition, it was found that, at around 3 J/100 pL, there
was such a tendency that transformed cells were oblained at
about 3,700 cells/ug DNA or more, and the highest transfer
efficiency that was about 24.7 times as high as that in the
related art was provided.

(3) “Discussion”

From the results, it was revealed that the transformation
efficiency in this methed had a close relationship with the
total electric energy of the poring pulse, and the above-men-
tioned optimum range existed.
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TABLE 3

Squarg-wave three-step method

Transfer methed 2-mm gap cuvelie

Set Pp Voltage {V) 200 to 300 V (1,000 to [,500 Viem)
values Pulse length (ms) 2t08 ms
Pulse interval 50 ms
{ms}
Number of pulses 1to3 times
Decay rate (%) 10 to 40%
Pulse interval {ms) 50 ms
Tpl, WYollage (V) 20V (100 Viem), 20 Y (100 Vicm)
Tp2  Pulse length (ms) 30 ms, 50 ms
Pulsc interval 50 ms, 50 ms

{ms)
MNumber of pulses
Decay rale (%)
Polasity

5 times, 5 times
40%, 40%
+ -

Example 4
“Study of DNA Concentration™

A study was madc of the influence of the DNA concenlra-
tion in a solution on the transformation efficiency, in the
preparation of a cell/DNA suspension.

(1) “Electric Pulse Treatment™

Cell/DNA. solutions (Chlamydomonas reinhardtii strain
C-9: 1x10® cells/mL, about 2-kbp DNA fragment of pHyg3
comtaining aph7: 1 to 100 ug/mL) having DNA concenlra-
tions show in Table 4 were prepared, and 40 uL. of each ol the
solutions (4x10° cells/40 uL., 40 ng to 4 ug/40 pl) were
charged into a 2-mm gap cuvette. For cach prepared sample,
squarc-wave electric pulse treatment based on the three-step
method was performed under the electric conditions shown in
Test Group 1-1 of Example 1 (total electric energy of poring
pulse=2.69 to 3.11 /100 uL, electric energy of initial pulse of
transfer pulses=about 0.16 to 0.25 J/100 pL). In addition, the
equipment and basic operations used in this treatment were
the same as in the method described in Example 1.

(2) “Evaluation of Transformaltion Efficiency”

In the same manner as in the method described in Example
I, the cells afier the eleciric pulse treatment were cultured on
a TAP agar medium, and the number of hygromycin-resistant
colonies after the culture was counted to evaluate transforma-
tion efficiency. Table 4 and FIG. 5 show the results.

From the results, it was shown that transformation with a
transfer cfficiency of about 1,000 celis/ug DNA or more was
able to be performed through the use of this method even
when any of the solutions prepared so as to have a wide range
of DNA concenirations, i.e., DNA concentrations of 1.25 to
100 ug/mL was used. it was also shown that transformation
with an efficiency of 1,700 cells/pug DNA or more was able to
be performed with the solutions prepared (o have the DNA
concentration between 2.5 to 50 pg/mlL.

Specifically, it was shown that the number of transformed
cells sharply rose along with an increase in DNA concentra-
tion up to a DNA concentration of 5 pg/mkb., and a remarkably
high transfer efficiency of 3,000 cells/ug DNA or more was
provided when the DNA concentration was between 5 to 25
pg/mL..

(3) “Discussion”

From the results, it was shown, regarding the transforma-
tion efficiency in this method, that transformation with high
efficiency was able to be performed using solutions having a
wide range of DNA concentrations, i.e., DNA concentrations
of 1.25 to 100 pg/mL. In particular, it was shown that trans-
formation with remarkably high cfficiency was able to be
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achieved when the DNA concentration was 2.5 to 50 pg/mL,
most preferably 5 to 25 ug/mL.

TABLE 4

DNA concentration

Test Group [(TEE ] Number of transformed cellsfg DNA

4-1 1.25 1,028 £ 51

42 2.5 1,700 £ 4211

4-3 5 3,268+ 140

4-4 10 3443+316

4-5 20 3,390+ 121

4-6 25 3,080+ 141

47 50 1,988 258

4-8 100 953+ 6

Example 5

“Test for Expression and Function of Exogenous
Fluorescent Protein”

A study was made of whether or not an exogenous {luo-
rescent protein (reporter gene product) was able to be
expressed and allowed to function through the use of plasmid
DNA into which an exogenous gene had been incorporated in
the preparation of a cell/DNA suspension.

(1) “Preparation of DNA Solution”

Plasmid DNA (about 7,800 bp) of pTT1-LciB-GFP (sce
Yamano T. et al., Plant Cell Physiol., 51, p 1453-1468,
(2010)) was prepared using Escherichia coli and a plasmid
extraction kit, and a solution of DNA linearized with a restric-
tion enzyme Kpnl was prepared.

(2) “Electric Pulse Treatment”

Cell/DNA solutions (Chlamydomonas reinhardtii strain
C-9: 1108 celis/mL, about 7.8-kbp DNA fragment of pTT1-
LciB-GEP: 10 pg/mL) using the plasmid DNA were pre-
pared, and 40 uL. of each of the solutions (4x10° cells/40 L.,
400 ngf40 ul) were charged inio a 2-mm gap cuvette. For
each prepared sample, square-wave electric pulse trealment
based on the three-step method was performed under the
electric conditions shown in Test Group I-1 of Example 1
(total electric energy of poring pulse=2.69 to 3.11 J/100 uL,,
electric energy of initial pulse of transfer pulses=about 0.16 Lo
(.25 J/100 L), In addition, the equipment and basic opera-
tions used in this treatment were the same as in the method
described in Example 1.

(3) “Evaluation of Transformation Efficiency”

In the same manner as in the method described in Example
1, the cells after the electric pulse treatment were cultured on
a TAP agar medium, and the number of hygromycin-resistant
colonies after the culture was counted to evaluate transforma-
tion efficiency. In addition, FIG. 6 shows a photographic
image taken with a lluorescence microscope (BZ-9000 KEY-
ENCE, Japan) by detecting fluorescence at 510 nm with
excitation light at 490 nm.

From the result, it was shown that, cven when plasmid
DNA of about 7.8 kb was used, transformation with a transler
efficiency of about 500 cells/ug DNA was able to be per-
formed. In addition, it was confirmed thai GFP fluorescence-
emitting transfermants were generated from the transformed
cells (see FIG. 6).

(4) “Discussion™

From the result, it was shown that, through the use of this
method, plasmid DINA was able to be efficiently transferred to
transform eukaryotic algal cells with cetl-wall and the exog-
enous protein was able to be expressed and allowed to func-
tion normally.
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It should be noted that the reason why the number of
transformed cells in this example showed a lower value than
the numbers of transformed cells in other examples was pre-
sumably because the DNA as the object (o be transferred was
fonger.

Example 6
“Study of Transfer Pulse”

A study was made of the influence of the number of times
of the transfer pulse on the iransformation efficiency.

(1} “Electric Pulse Treatment”

In the same manner as in the method described in Exampie
3, cell/DNA solutions (Chlamydomonas reinhardtii strain
C-9: 1x10® cells/mL, about 7.8-kbp DNA fragment of pTT1-
LciB-GFP: 10 pg/ml.) were prepared, and 40 pl. of each of
the solutions (4x10° cells/40 uL., 400 ng/40 uL) were charged
into a 2-mm gap cuveile. For each prepared sample, square-
wave electric pulse treatment based on the three-step methad
was performed under the electric conditions shown in Table
5-A (total electric energy of poring pulse=1.51 to 1.56 /100
ul, electric energy of initial pulse of transfer pulses=about
0.22 o 0.23 J/100 pL). In addition, the equipment and basic
operations used in this treatment were the same as in the
method described in Exampie 1.

1t should be noled that the numbers of times of the transfer
pulse 1 (Tpl)} and the transfer pulse 2 (Tp2) under these
eleciric conditions were set to numbers shown in Table 5-B.

(2) “Evaluation of Transformation Efficiency”

In the same manner as in the method described in Example
1, the cells after the electric pulse treatment were cuitured on
aTAP agar medium, and the namber of hygromycin-resistant
colonies after the culture was counted to evaluate transforma-
tion efficiency. Table 5-B shows the results.

From the results, il was shown that, when the number of
times of each of the transfer pulses | and 2 was increased from
5to 10, the gene transfer efficiency was increased, obtaining
increased number of transformed cells.

(3) “Discussion”

From the results, it was shown that, when the number of
times of the transfer pulse in this method was set (o about 10
for each of the transfer pulse 1 and the transfer pulse 2, the
transformation efficiency significantly enhanced. This was
presumably because the increased numbers ol (imes of the
transfer pulses improved the transfer efficiency of DNA,
which facilitated the acquirement of surviving transformed
cells.

1t should be noted that the reason why the number of
transformed cells in this example showed a lower value than
the numbers of transformed cells in other examples was prob-
ably because the value of the total eleciric energy of the
poring pulse was lower and the DNA as the object (o be
transferred was longer.

TABLE 5-A

Square.wave three-step method

Transfer method 2-mm gap cuvelle

Set Pp Voltage (V) 200V {1,000 Vicm)
values Pulse length {ms) 5 ms
Pulse interval 50 ms
(ms)
Number of pulses 2 times
Decay rate (%5) 10%
Pulse interval (ms) 50 ms

Tpl, Voltage (V) 20 (100 ¥/em), 20 V (100 Vicm)
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TABLE 5-A-continued

Square-wave three-step method

Transfer method 2-mm gap cuvelte

Tp2  Pulse kength (ms) 50 ms, 50 ms
Pulse interval 50 ms, 50 ms
(ms)
MNumber of pulses 5 or 10 times, 5 or 10 times
Decay rate (56) 40%, 0%
Polarity + -
TABLE 5-B
Number of trapsformed
Test Group Numbers of times of Tps cells/ug DNA
6-1 5 each 197.5
62 10 each 3215
Example 7

“Application to Other Green Algal Cells”

A study was made of whether or not transformation of
other green algal cells was able to be performed by perform-
ing electroporation in such a manner as to satisly the electric
cnergy condition of the poring pulse determined above.

(1) “Electric Pulse Treatment”

Cell solutions of Chlamydomonas reinhardtii strains
shown in Table 6 were prepared in the same manner as in the
method described in Example 1, cell/DNA suspensions
(green algal cells: 1x10% cefls/mL, about 2-kbp DNA frag-
ment of pHyg3 containing aph7: 10 ug/mL} were prepared,
and 40 L of each of the suspensions {(4x10° cells/40 pL, 400
ng/40 pul.) were charged into a 2-mm gap cuvetie. For ¢ach
prepared sample, square-wave electric pulse treatment based
on the three-step method was performed under the electric
conditions shown in Test Group 1-1 of Example 1 (lotal
electric energy of poring pulse=2.69 (o 3.11 J/100 pL, electric
energy of initial pulse of transfer pulses=about 0.16 to 0.25
J/100 puL}). In addition, the equipment and basic operations
used in this treatment were the same as in the method
described in Example I

(2) “Evaluation of Transformation Efficiency”

In the same manner as in the method described in Example
1, the cells after the electric pulse treatment were cultured on
a TAP agar medium, and the number of hygromycin-resistant
colonies after the culture was counted to evaluate transforma-
tion efficiency. FIG. 6 shows the results.

From the results, it was shown that, when the electropora-
tion based on the three-step method was performed in such a
manner as to satisfy the electric energy condition of the por-
ing pulse determined above, the various Chlamydomonas
reinhardtii strains were able to be transformed with high
efficiency (Test Groups 7-1 to 7-4).

(3) “Discussion”

When the strain CC-123 was used as a target, the number of
transformed cells showed a low value as compared to the
other strains such as the strain C-9. This was presumably
because the cell wall of the strain CC-125 is thicker than the
cell walls of the other straing such as the strain C-9. In con-
sideration of the results, the method of the present invention is
presumably a technology that is suitably applicable even to
cells ol a wide range of various green algae having different
cell wall thicknesses.
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TABLE 6
Number of
Test Electrie energy of transformed
Group  Chl. strain Pp (J/E00 L) cellsiug DNA
7-1 c9 26910311 3,880 470
7-2 CC-124 26910311 2,930 %471
7-3 CC-1690 26910 3.11 3,400 =327
7-4 CC-125 26%1t03.11 1,920+ 110
Example 8

“Application 1o Diatom Cells”

A study was made of whether or nol transformation of an
alga cxeept the green alga was able to be performed by per-
forming electroporation in such a manner as to satisfy the
electric energy condition of the poring pulse determined
above.

(1) “Preparation of Algal Cell Solution”

A study was made using, as a larget, a diatom in a quite
different evolutionary lineage from green algae and having a
hard siliceous cell wall.

0.2 mM Na,Si0,-containing Daigo’s IMK liquid medium
(Nihon Pharmaceutical Co. Ltd.) supplemented with artificial
sca salts (Sigma) was dispensed in conical flasks that had
been subjected Lo dry-heat sterilization treatment, and Phaeo-
dactylum tricornutum (Phaeodactylum tricornutum sirain
UTEX 642 from the University of Texas) that had been pre-
cultured was inoculated therein. In an incubator at 20° C.,
culture was performed under continuous light illumination at
30 pmol/m*sec with a white fluorescent lamp.

The liquid culture medium of the alga in the exponential
growth phase (OD700=0.2 to 0.4) was centrifuged (at 700xg
for 4 minutes), washed with a 0.77 M mannitol aqueous
solution, and then suspended in a 0.77 M mannitol aqueous
solution containing 8% IMK.

(2) “Preparation of DNA Solution”

The sGFP gene (sgfp) or the GUS gene (uidA} was inserted
as a reporter gene into a multiple cloning site of plasmid
pPha-T'1 (plasmid containing a cassette having a bleomycin
resistance gene bound downstream of the fcpB promoter (see
Zaslayskaia L A. et al. J. Phycol., 36, p 379-386 (2000)).

Plasmid DNA having this construct was prepared using
Escherichia coli and a plasmid extraction kit, and a solution
of DNA linearized with a restriction enzyme Ndel was pre-
pared.

(3) “Electric Pulse Treatment”

A cell/DNA solution using the above-mentioned plasmid
DNA (Phaeodacsylum tricornutum strain UTEX 642: 2.5x
107 cells/mL, DNA fragment of pPha-T1 having inserted
therein sgip or uidA: 50 pg/ml.) was prepared, and 40 pL of
the solution (1x109 cells/40 uL, 2 pg/d0 uL) were charged
into a 2-mm gap cuvette. Square-wave eleciric pulse treat-
ment based on the three-step method was performed for a
total of 26 samples by changing, for cach prepared sample,
the (olal electric energy (1/100 pL.} of the poring pulse within
horizontal axis values shown in FIG. 7 (within the range of
0.01 to 17.6 }100 pL). It should be noted that various electric
condilions were set within the ranges of values shown in
Table 7. In addition, the equipment and basic operations used
in this treatment were the same as in the method deseribed in
Example 1.

It should be noted that the electric energy of the initial pulse
of the transfer pulses under these clectric conditions showed
a value of about 0,17 10 G.39 J/100 pL.



US 9,255,276 B2

23

(4) “Bvaluation of Transformation Efficiency”

Within 1 minute alter the completion of the electric treat-
ment, the cell/DNA suspension was mixed with 4 mL of
Daigo’s IMK liquid medium that had been prepared in a
14-ml polyethylene tube. The mixture was subjected to static
culture at 20° C. for 20 hours under light illumination at 30
umol/m®/sec. It should be noted that the growth rate of Phaeo-
dactylum tricornutum is slow, and hence few cells divide
during the culture.

After the culture, the medium was centrifuged (at 700xg
for 4 minutes) and the supernatant was discarded, followed by
suspension in (.2 mL of Daigo’s IMK liquid medium. The
suspension was plated onto 1% agar Daigo’s IMK medium
containing 100 ug/mL Zeocin™ (Invirtogen). Static culture
(recovery culture) was performed at 20° C. for 20 hours under
light illumination at 30 pmol/m*sec, and 10 days later, the
number of colonies having zeocin resistance was counted to
evaluate transformation efficiency. FIG, 7 is a graph showing
the results. It should be noted that, in the graph, an approxi-
maltion curve was prepared from a set of points plotted lor the
respective data.

In addition, the expression and function of the reporter
gene in zeocin-resistant colonics were confirmed. FIG. 8A
shows a photographic image taken of transformed cells with
a microscope under visible light. In addition, FIG. 8B shows
a photographic image taken with a fluorescence microscope
(BZ-5000 KEYENCE, Japan} by detectling fluorescence at
510 nm with excitation light at 490 nm. In addition, FI1G. 8C
shows a photographic image taken with a microscope under
visible light after GUS staining.

From the results, it was found that, when the total electric
energy of the poring pulse fell within the range of 3.3 to 14.3
JA00 pL, there was such a tendency that transformed cells
were oblained at about 500 cells/pug DNA or more, showing
that high transfer efficiency was provided.

In addition, it was found that, in the range of 4.8 to 12.9
J/100 pL, there was such a tendency that transformed cells
were obtained at about 1,000 cells/ug DNA or more, showing
that high transfer efficiency was provided.

In addition, it was found that, in the range ol 6.5 to 11.3
JA100 pL., there was such a tendency that transformed cells
were obtained at about 1,500 cells/ug DNA or more, showing
that high transfer efficiency was provided.

In addition, it was found that, in the range of 7.5 to 10.2
J/100 pL, there was such a tendency that transformed cells
were obtained at aboult 1,700 cells/ug DNA or more, showing
that high transler efficiency was provided.

In addition, it was found that, at around 8.9 /100 pL, there
was such 4 tendency that transformed cells were obtained at
about 1,850 cells/ug DNA or more, showing that high transfer
efficiency was provided.

It should be noted that, when genomic DNA was extracted
from the resultant zeocin-resistant colonies (transformed
cells) and a PCR reaction was performed with primers spe-
cific for the sgfp gene or the uidA gene, amplified fragments
of the sgfp gene or the uidA gene were detected from genomic
DNA of all transformed cells.

In addition, from about 90% of the zeocin-resisiant colo-
nies, GFP fluorescence was observed and GUS staining was
confirmed. That is, it was confirmed that, in most of the
transformed cells, the expression and function of the exog-
enous protein {cxpression and function of the reporter gene)
occurred normaily,

(5) “Discussion™

From the results, it was revealed that, in order to perform
gene transfer through the application of multiple square-wave
pulses in three steps to the diatom, it was necessary to adjust
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the condition for the total electric energy of the poring pulse
within the above-mentioned optimum range.

It was found that the range of the total electric energy of the
poring pulse suitable for performing gene transfer into the
Phaeodactylum tricornutum was higher than the range of the
total electric energy suitable for performing gene transfer into
the green alga Chiamydomonas reinhardtii. This was presum-
ably because the outer layer of the diatom Phaeodactylum
tricornutum was surrounded by a cell wall, ie., a siliceous
thick frustule.

TABLE7

Square-wave three-step
methed

Transfer method Z-mm gap cuvelle

Set Pp Voltage (V) 50 to 300 V (250 to 1,500 Viem)
vilues Pulse length {ms) [ to 9% ms
Pulse interval 50 ms
(ms)
Number of puises 1109 times
Decay rate (%) 405
Pulse inlerval (ms) 50 ms
Tpl, Voltage (V) 20V (100 Vien), 20V (100 Yicm)
Tp2 Pulse lengeh (ms) 50 ms, 30 ms
Puise interval 50 ms, 50 ms
{ms)
Number of puises 5 times, 5 times
Decay rate (%) 40%, 40%
Palarity =

The gene transfer and transformation technology of the
present invention is expected to be a technology that promotes
advances in commercial utilization of and academic research
on many useful eukaryotic algae (in particular, for example,
algae that produce oils and fats to be used as biofuels).

The present invention provides the electroporation tech-
nology that is directly applicable to eukaryotic algal cells
with cell-wall, In addition, the technology cnables gene trans-
fer and transformation to be performed for eukaryotic algal
cells with high efficiency and goed reproducibility.

Thus, in the present invention, the need o prepare proto-
plasts prior to electric pulse treatment or to produce a cell
wall-less strain is obviated, and hence the technology is an
extremely highly general-purpose technology that is widely
applicable to green algae and diatoms irrespective of specics
of algae. That is, the method of the present invention is
expected to be a technology that is suitably applicable to
useful green algae and diatoms for which a gene transfer
method has not been established.

It should be noted that gene transfer and transformation
based on the electroporation method for diatoms are impor-
tant achievements attained for the first time by the present
invention.

In view of the foregoing, the gene transfer and transforma-
lion technology of the present invention is expected to be a
technology that promotes advances in commercial utilization
of and academic research on many useful eukaryotic algae (in
particular, for example, algae that produce oils and fats to be
used as biofuels).
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 2
<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 1

LENGTH: 29

TYPE: DNA

CRGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: PCR primer
<400> SEQUENCE: 1

geacceragy cbtbtacackt tatgettce

<210
<21l
<212>
<213>
<220)>
<223>

SEQ ID NO 2

LENGTH: 24

TYPE: DNA

ORGANISM: Artificial Secuence
FEATURE :

OTHER INFORMATION: PCR primexr

<400> SEQUENCE: 2

ccattcagge tgcgcaactg tbgg

for amplifying aph?

29

for amplifying aph7
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What is claimed is:

1. A method of transferring an exogenous gene into a green
alga cell, the method comprising performing electroporation
using multiple square-wave pulses by the following steps:

applying a square-wave electric pulse that satisfies a con-
dition as defined in the following item {A) to a solution
onc time, two times or more so that the square-wave
electric pulse has a total electric energy of 1.3 to 4.9
J/100 plL., the solution comprising the green alga cell
with cell-wall, and a nucleic acid molecule;

applying a square-wave electric pulse that satisfies condi-
tions as defined in the following items (B1) and (B2) 1o
the solution at least two times; and

applying a square-wave electric pulse that satisfies condi-
tions as defined in the following items (C1) to (C3) to the
solution at least two times:

(A) a square-wave clectric pulse having a vollage per pulse
of 750 V/em or more;

(B1) a square-wave electric pulse having a voltage per
pulse of 150 V/cm or less;

{B2)asquare-wave electric pulse having an electric energy
per pulse of 0.02 to 0.6 J/100 uL;

(C1) asquare-wave electric pulse opposite in polarity to the
electric pulse that satisfies the conditions as defined in
the items (B1) and (B2);

(C2) a square-wave electric pulse having a voltage per
pulse of 150 V/em or less; and

(C3) a square-wave electric pulse having an electric energy
per pulse of 0.02 to 0.6 J/100 pL.

2. A method of transferring an exogenous gene into a
diatom cell, the method comprising performing electropora-
tion using multiple square-wave pulses by the following
steps:

applying a square-wave electric pulse that satisfies a con-
dition as defined in the following item (A) to a solution
one time, two Limes or more so that the squarc-wave
electric pulse has a total electric energy of 3.3 to 14.3
37100 pL, the solution comprising the diatom cell with
cell-wall, and a nucleic acid molecule;

applying a square-wave electric pulse that salisfies condi-
tions as defined in the following items (B1) and (B2) to
the solution at leasl two times; and

25

applying a squarc-wave electric pulse that satisfies condi-
tions as defined in the following items (C1) to (C3} to the
solution at least two times:

(A) a square-wave electric pulse having a voltage per pulse
of 750 V/cm or more;

(B1) a square-wave electric pulse having a voltage per
pulse of 150 V/em or less;

(B2) a square-wave ¢lectric pulse having an electric energy
per pulse of 0.02 to 0.6 J/100 uL;

(C1) a square-wave electric pulse opposite in polarity to the
electric pulse that satisfies the conditions as defined in
the items (B1) and (B2);

(C2) a squarc-wave clectric pulse having a voltage per
pulse ol 150 V/cm or less; and

(C3) a square-wave electric pulse having an electric energy
per pulse of 0.02 (o 0.6 /100 pL.

3. The method according to claim 1, wherein the green alga

cell comprises a unicellular microalga.

4. The method according to claim 1, wherein the applying
45 ofthe square-wave electric pulse that satisfies the condition as
defined in the item (A) is performed at least two times.

5. The method according to claim 1, wherein:

the applying of the square-wave electric pulse that satisfies
the conditions as defined in the items (B1) and (B2) is
performed at least five times; and

the applying of the square-wave clectric pulse thal satisfics
the conditions as defined in the items (C1) to (C3) is
performed at least five times.

6. The method according to claim 1, wherein the electropo-

55 ration is performed using a cuvette electrode with 2 gap of 2
mm or moic.
7. The method according to claim 1, wherein the green alga
cell is suspended in the solution.
8. The method according to claim 2, wherein the diatom
60 cell comprises a uniceflular microalga.

9. The method according to claim 2, wherein the applying
of the square-wave electric pulse that satisfies the condition as
defined in the item (A) is performed at least two times.

10. The method according to claim 2, wherein:

the applying of the square-wave electric pulse that satisfies
the conditions as defined in the items (B1) and (B2) is
performed at least five times; and
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the applying of the square-wave electric pulse that satisfies
the conditions as defined in the items (Ci) to (C3) is
performed at least five times.

11. The method according to claim 2, wherein the elec-
troporation is performed using a cuvette electrode withagap 3§
of 2 mm or more.

12. The method according to claim 2, wherein the diatom
cell is suspended in the solution.

¥ ok k% ok
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