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Abstract Plastid transformation methods have been developed for 20 plant species. However, only a few plant species,
such as tobacco and lettuce, have been used in applied studies because transformation efficiencies are extremely low in
other species. Plastid transformation has been mainly performed by particle bombardment using 0.6-ym gold particles as
microcarriers of the transformation vector. Because the target materials in some plant species are undeveloped proplastids
rather than fully developed chloroplasts, optimizing microcarrier size for the target size is a major consideration. In this
study, we evaluated the availability of gold particles (0.07, 0.08, 0.1, 0.2, and 0.3 ym) that were smaller than those used for
plastid transformation in previous studies. We obtained stable plastid transformants of tobacco with sufficient efficiency
using all the tested small gold particles as the same level as 0.6-ym gold particles, even the smallest (0.07 yum). The average
number of transformants obtained with 0.3-um particles (9.34.6 per plate) was the highest among the tested gold particles.
Because small gold particles were revealed to be sufficient for plastid transformation in a model tobacco plant, it is suggested
that choosing appropriate small-sized gold particles which have never been used before will improve plastid transformation

in many plant species.
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Plastid transformation is a powerful tool for producing
useful proteins in plants and is also an important
technique for investigating the function of genes encoded
in plastid DNA (Bock 2007; Daniell et al. 2002; Maliga
2003; Wang et al. 2009). Extra genes integrated into
plastid DNA are difficult to spread by pollen due to the
maternal inheritance of plastid DNA, although low-level
paternal inheritance of plastid DNA was detected in large
screening of F, seeds obtained by artificial crossing (Ruf
et al. 2007). In contrast, small proportion of plastid DNA
were transferred to nuclear DNA (Lloyd and Timmis
2011a) and transferred gene could rarely be activated
(Lloyd and Timmis 2011b). Although considering
these recent findings, it is necessary to use appropriate
containment methods, plastid transformants appeared
to have an advantage of preventing introgression of
extra gene compared with nuclear transformants.
Following the development of plastid transformation
in Chlamydomonas (Boynton et al. 1988), tobacco
(Nicotiana tabacum) became the first higher plant in
which stable plastid transformants were successfully
produced (Svab et al. 1990). Since then, tobacco has

been used as a model in many studies (Daniell et al.
2005, 2009; Maliga and Bock 2011). Although plastid
transformation methods have been developed for 20
plant species (Khan 2012), most reports have involved
the integration of a selectable marker or visual marker
genes, such as the spectinomycin-resistance gene aadA
and the green fluorescent protein gene GFP. Other than
the model tobacco plant, a few plant species have been
used in applied studies. For example, agronomic or
pharmaceutically important proteins have been produced
in plastids of tomato (Zhou et al. 2008), carrot (Kumer
et al. 2004), and lettuce (Davoodi-Semiromi et al. 2009;
Lelivelt et al. 2005; Lim et al. 2011; Ruhlman et al. 2007).
Unfortunately, because plastid transformation efficiencies
are low and only heteroplasmic plants have been
obtained, it is currently difficult to produce useful protein
in plastids of agronomically important plants, such as
rice (Khan and Maliga 1999; Lee et al. 2006) and oilseed
rape (Cheng et al. 2010; Hou et al. 2003). Therefore,
improved plastid transformation methods are needed for
these and many other plant species.

Gene integration into plastids is usually performed
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by the particle bombardment method developed by
Klein et al. (1987). Although plastid transformation of
protoplasts by the polyethylene glycol method has been
reported (O'Neill et al. 1993; Koop et al. 1996; Lelivelt et
al. 2005), it appears that protoplast regenerative methods
have not been well developed or are not useful for most
plants. Developing or improving particle bombardment
transformation protocols requires optimizing factors for
each plant species. Although several parameters can be
modified, such as selectable markers, selection agents,
or the plastid DNA integration region, selecting the
particle size on the basis of the target size should be a
major consideration (Sanford et al. 1993). Most plastid
transformation protocols have used tungsten particles
with an average diameter of 0.7 ym as microcarriers for
delivering DNA into plant cells by accelerating helium
pressure (Boynton et al. 1988; Svab et al. 1990). However,
Kikkert (1993) reported that gold particles are rounder
and relatively uniform in size compared with tungsten
particles and are also less toxic to the cells. Randolph-
Anderson et al. (1997) demonstrated that 0.6-ym gold
particles are more useful than 1-ym gold particles or
tungsten particles. Similarly, the use of 0.6-ym gold
particles instead of 1-ym particles increased nuclear
transformation efficiency in maize (Randolph-Anderson
et al. 1997) and soybeans (Khalafalla et al. 2005).
Because tobacco leaves used as target materials have
fully developed chloroplasts of approximately 6-8 ym in
diameter in our observation, 0.6-uym gold particles are
appeared to be sufficient for delivering DNA. However,
tobacco suspension cells have small, undeveloped
plastids called proplastids that are approximately 2 ym in
diameter, and their efficient plastid transformation has
been achieved using 0.4-um gold particles (Langbecker
et al. 2004). In rice calli, target plastids are undeveloped
proplastids of approximately 1.5ym in diameter
(Nakamura et al. 2009); thus, it is expected that a particle
size of 0.6 ym would be unsuitable for delivering DNA
into these organelles (Khan and Maliga 1999; Lee et
al. 2006). However, it seems possible that using gold
particles of less than 0.4 ym diameter would increase
plastid transformation efficiency in rice and other plant
species in which the target cells have undeveloped
plastids. To date, the use of gold particles of less than
0.4um diameter for plastid transformation has not been
reported. Therefore, we produced a series of small gold
particles and evaluated whether these particles were
suitable for plastid transformation. In order to evaluate
the practical utility of small gold particles, we applied
them to our improved tobacco plastid transformation
system (Okuzaki and Tabei 2012). We also assessed
the appropriate acceleration pressure for the small gold
particles.

0.07

Figure 1. Micrographs of gold particles. A, TEM of 0.07-um gold
particles; bar=0.1ym. B, FE-SEM of 0.1-, 0.2-, and 0.3-ym gold
particles; bars=0.2 um.

Materials and methods

Preparation of small gold particles

Gold particles were prepared according to a report by Kida et
al. (2013) using a 100-ml agitated crystallizer that consisted of
100-ml three-necked round-bottom flask (SIBATA, Saitama,
Japan), digital tubing pump DSP-100SA (AS ONE, Osaka,
Japan), teflon PTFE stirring wing (FLON INDUSTRY, Tokyo,
Japan), and three-one motor FBL3000 (TGK, Tokyo, Japan).
The conditions of producing each size gold particles were as
follows. 0.07 and 0.08 um gold particles were obtained with a
HAuCl, solution (1mM) feed rate of 5.0mImin~" into 10ml of
ascorbic acid solution (10 mM) in a 100-ml agitated crystallizer.
The agitation rate was maintained at 150 rpm. After feeding
20 ml HAuCl, solution, gold particle solution was collected
from the crystallizer. Using the same method, 0.1-ym gold
particles were obtained with a HAuCl, solution feed rate of
Imlmin™". Gold particles of 0.2 and 0.3 ym diameters were
produced by the following steps. HAuCl, solution (1 mM) and
ascorbic acid solution (10mM) were fed simultaneously at

! and 0.5mlmin™!

a feed rate of 1 mlmin , respectively. Gold
particles of 0.2um were obtained after 20 min of reduction,
and 0.3-ym particles were obtained after 40 min of reduction.
Average diameters of the gold particles were calculated by
measuring the diameters of 450-500 individual gold particles
using a transmission electron microscope (TEM; JEM-100CX;
JOEL, Tokyo, Japan) or a field emission scanning electron
microscope (FE-SEM; S-4500S; HITACHI, Tokyo, Japan)
according to a protocol reported by Mikami et al. (2011). The
gold particles of five sizes used for further studies were 0.07 ym
(0.067=0.016 km), 0.08 ym (0.0820.017 um), 0.1 ym (0.11=
0.02ym), 0.2 um (0.22£0.033 ym), and 0.3 ym (0.320.045 ym)

(Figure 1; 0.08-um particles not shown) in diameter.

DNA coating of gold particles

Solutions of the small gold particles (0.07, 0.08, 0.1, 0.2, and
0.3 um) were centrifuged at 2000Xg for 2 min and resuspended
in 99.5% ethanol after removing ascorbic acid. Powders of 0.6-
pm and 1.0-um gold particles (Bio-Rad Laboratories) were
soaked into 99.5% ethanol. All gold particle solutions were
maintained in low-retention 1.5-ml tubes (BM Equipment,
Tokyo, Japan). Ethanol was removed from each solution
after centrifugation at 2000 rpm for 2min, and the particles
were resuspended in sterile water at final concentrations of
40mgml™.
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The transformation vector pNtag (Okuzaki and Tabei 2012),
which contains the spectinomycin-resistance selectable marker
aadA and the visual marker GFP, was extracted using the
Qiagen HiSpeed Plasmid Maxi Kit (Qiagen KK, Tokyo, Japan)
and used to coat the gold particles as follows. A stock solution
of each gold particle (40 mgml™) was sonicated (40kHz) for
1-2min before coating by floating the 1.5-ml tubes on water
in an ultrasonic cleaner (USD-1R; AS ONE, Osaka, Japan).
To prepare mixtures for two shots, a 20-ul stock solution of
each gold particle was mixed with 4 ul of pNtag vector DNA
(Lugul™), 20ul of 2.5M CaCl,, and 1 mgml™ protamine
sulfate from salmon (Wako Pure Chemical Industries) in a
low-retention 1.5-ml tube, and the mixture was gently vortexed
with a microtube mixer (EM-36; TAITEC, Saitama, Japan)
at approximately 300rpm for 30 min at room temperature.
The DNA/gold mixture was placed on a tube rack for 3 min
and then centrifuged at 2000Xg for 5s for the 0.6-ym and
1.0-um gold particles, for 1 min for the 0.1-ym, 0.2-ym and
0.3-ym particles and for 2 min for the 0.08-ym and 0.07-ym
particles. Each DNA/gold mixture was then washed with 100 ul
of 70% ethanol, and the supernatants were removed after
centrifugation under the above conditions. Finally, 22 ul of
>99.5% ethanol were added to the DNA/gold pellets, which
were gently suspended by pipetting. After DNA coating, the
particles were resuspended in ethanol. Although the 0.6-um
gold particle precipitate could be resuspended by pipetting
and gentle vortexing, the smaller gold particles were difficult
to resuspend due to aggregation; however, they could be
resuspended by sonicating for 2-4s. Therefore, all the DNA/
gold particles were resuspended by sonication.

Plastid transformation

The DNA/gold mixtures (10ul) were applied onto a
macrocarrier, dried, and bombarded on a sample plate
containing 50 pieces of tobacco leaf (5X5mm) as described by
Okuzaki and Tabei (2012). Two shots per plate were performed
using a 1100-psi (7.6 MPa) or 1350-psi (9.3 MPa) rupture disc
under partial vacuum (711 mmHg) in a PDS-1000/He system
(Bio-Rad Laboratories). The distance between the stopping
screen and sample plate was 6 cm. With two shots, a total of 4 ug
of the pNtag vector and 0.8 mg of gold particles was delivered
per plate. Preparation of tobacco (N. tabacum L. cv. Petit
Havana SR1) and spectinomycin (500 mgl™) selection culturing
were performed according to the modified tobacco plastid
transformation protocol (Okuzaki and Tabei 2012).

Analysis of plastid transformants

GFP fluorescence of spectinomycin-resistant shoots or plants
was observed by microscopy (Leica Microsystems, Wetzlar,
Germany) with a GFP2 filter (480-nm excitation filter/510-
nm barrier filter). PCR analysis was performed as follows.
Total DNAs were extracted from 1X1cm tobacco leaves by
simple DNA preparation methods (Edwards et al. 1991) and
dissolved in 1004l of distilled water. The inserted fragment
between aadA and GFP and rps3, which was used as a
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control for detection of plastid DNA, were amplified from
2 ul of DNA solution with the specific primer sets aadA-GFP
(5'-gtgatcgccgaagtatcgac-3'/5'-cgtatgttgcatcaccttcac-3") or rps3
(5'-ggggaaccctaccttctetg-3'/5'-ccgaaaactgaacattgetg-3"). The
PCR reactions were performed using ExTaq polymerase under
the following conditions: 95°C for 1 min, followed by 35 cycles
of 95°C for 15s, 60°C for 10s, and 72°C for 30s, and ending
with 72°C for 3 min. Amplified PCR products were detected
by electrophoresis with 1% agarose Me (IWAI Chemicals
Company Ltd., Tokyo, Japan). A 100-bp ladder (Takara Bio,
Shiga, Japan) was used as the size marker.

Southern blot analysis

Total DNAs were extracted from the tobacco leaves using
ISOPLANT II (Nippon Gene Co., Ltd., Tokyo, Japan). Total
DNA (2.5ug was digested with Clal (New England Biolabs
Japan Inc., Tokyo Japan), fractionated on a 0.8%-agarose gel,
and transferred to a positively charged nylon membrane (Roche
Diagnostics, Basel, Switzerland). Detections were performed
according to standard protocols with a DIG Luminescent
Detection Kit (Roche Diagnostics). Specific DNA probes
for the 5 region of trnl (probe I, 5'-gatcagccacactgggactgag-
3'/5'-gaggattcgcggcatgtcaage-3'; Figure 3A) and aadA (probe
11, 5'-gtgatcgccgaagtatcgac-3'/5' -ccttggtgatctegecttte-3'; Figure
3a) were prepared using the PCR DIG Labeling Mix (Roche
Diagnostics) and Primestar GXL DNA polymerase (Takara
Bio).

Statistics

The statistical analysis was performed with JMP®8 (SAS
Institute Inc., Cary, NC, USA). Comparisons between
groups were made with the paired Student’s ¢-test. Statistical
significance was defined as p<<0.05.

Results

Stable plastid transformants were obtained with
0.07-um gold particles

We evaluated whether a general bombardment pressure
with a rupture disk of 1100 psi was appropriate with
small gold particles. We used the smallest gold particles
(0.07 ym, Figure 1A) to compare helium pressures
of 1100 psi and 1350 psi using specific rupture discs,
with the 0.6-ym and 1.0-ym gold particles as normal
and larger size controls, respectively. Two plates were
bombarded for each combination of particle size and
acceleration pressure. Each experiment with two plates
was repeated thrice. Plastid transformants were obtained
from all treatment combinations. Plastid transformants
were analyzed by GFP fluorescence (Figure 2A) and
PCR analysis (Figure 2B). Three independent plants
containing pNtag-integrated plastid transformants
were analyzed by Southern blotting, and the results
indicated that the insert region of pNtag had integrated
at the target site (data not shown). The number of plastid
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Figure 2. GFP fluorescence and PCR analysis of pNtag-integrated
plants. A, Plants under the light (upper panels) and under the GFP2
filter (bottom panels) are shown. The wild-type (WT) shows the
red autofluorescence signals of chlorophyll, and a plant (0.07-1)
transformed with pNtag-coated 0.07-ym gold particles at 1100 psi
shows strong green GFP signals. Bars=5mm. B, To detect insertion
of pNtag, a 1.48-kb fragment between the aadA and GFP expression
cassettes was amplified by PCR. A 0.28-kb fragment of rps3 was
amplified for detecting plastid DNA. The upper numbers above the
lanes indicate the size of the gold particles (0.07, 0.6, and 1.0 yum)
used for the transformation, and the lower numbers indicate the
transformants. P, pNtag plasmid DNA; marker, 100-bp ladder.

transformants was counted for each repetition of each
treatment. Using 0.07-ym particles, an average of 3.3=*
1.2 and 2.7%+0.5 plastid transformants were obtained
with acceleration pressures of 1100 psi and 1350 psi,
respectively. With 0.6-ym particles, 7.0%2.2 and 4.3+0.9
transformants were obtained with 1100 psi and 1350 psi,
respectively, and with 1-ym particles, 3.70.9 and 0.7=
0.9 transformants were obtained with 1100psi and
1350 psi, respectively (Table 1). The result with 1100 psi
was significantly higher than that with 1350 psi for 1-ym
particles (p<<0.05); however, there was no significant
difference between 1100 psi and 1350 psi for 0.07-ym and
0.6-um particles. The combination of 0.6-ym particles
and 1100 psi yielded the most transformants; however,
there was no significant difference between the result
for 0.6-pm particles and result for 0.07-ym or 1-ym gold
particles with 1100 psi.

Application of small gold particles (0.08-0.3um)

for plastid transformation
Next, we evaluated 0.08-ym, 0.1-ym, 0.2-ym, and 0.3-
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Figure 3. Southern blot analysis of pNtag-integrated plants. A,

Plastid DNA map after integration of the pNtag insertion region at
the target site (between trnl and trnA). Striped box, native DNA; grey
box, homologous region of native DNA; white box, pNtag insertion
region; trnl and trnA, homologous regions of the native DNA and
pNtag vector; aadA and GFP, gene-expression cassettes of pNtag. The
expected band sizes on Southern blot analysis are shown at the bottom
of the map. B, Southern blot analysis of pNtag-integrated transformants
obtained with five sizes of gold particles (0.08, 0.1, 0.2, 0.3, and 0.6 ym)
with probe I. C, Southern blot analysis with probe II. As expected, the
wild-type (WT) yielded an 8.7-kb band with probe I and no bands with
probe II, and the transformants (T) yielded 11.3-kb bands with probe I
and probe II.

pm gold particles for plastid transformation, with 0.6-ym
gold particles as the control. DNA/gold particles were
introduced with one plate per experiment using 1100 psi
acceleration pressure, and each experiment was repeated
four times with 0.1-ym, 0.2-ym, and 0.3-ym particles
and six times with 0.08-ym and 0.6-ym particles.
Plastid transformants expressing GFP fluorescence were
obtained with all sizes of gold particles. Gene integration
into the plastid DNA target site was confirmed by GFP
fluorescence and PCR analysis (data not shown). Three
plastid transformants obtained with each size of gold
particle (transformants 12, 13, 14 from 0.08-uym particles;
1, 27, and 30 from 0.1-pm; 46, 49, and 52 from 0.2-ym;
65, 75, and 76 from 0.3-um; 51, 52, and 53 from 0.6-ym
particles) were analyzed by Southern blotting (Figure
3B, 3C). As shown in Figure 3B, all the analyzed plants
had the pNtag insertion at the target site and were
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Table 1. Plastid transformants obtained with 1100- or 1350-psi acceleration pressure in gold particles of three sizes.

No. of plastid transformants

No. of plastid

Gold particles (um) Rapture disc (psi) transformants per
exl ex2 €x3 experiment
0.07 1100 2 5 3 33*1.2
1350 3 2 3 2.7%0.5
0.6 1100 6 5 10 7.0x2.2
1350 3 5 4.3*0.9
1 1100 5 3 3.7X0.9
1350 0 2 0 0.7+0.9

pNtag were bombarded on a sample plate. Two plates were treated as one experiment. Average data are presented as the mean®SD of the number

of plastid transformants obtained per experiment.

Table 2. Plastid transformants obtained with small gold particles.

No. of plastid transformants

No. of plastid

Gold particles
transformants
(pm) P1 P2 P3 P4 P5 P6 per plate
0.08 3 4 6 7 3 13 6.0x3.5
0.1 13 6 8 2 n.t. n.t. 7.3+4.0
0.2 8 1 0 10 n.t. n.t. 7.3%4.3
0.3 12 3 7 15 n.t. n.t. 9.3+4.6
0.6 7 5 5 6 1 5 48*19

pNtag were bombarded on a sample plate with 1100 psi rapture disc. One plate was treated as one experiment. Experiments were repeated 4 or 6 in
each size gold particles. Average data are presented as the mean*SD of the number of plastid transformants obtained per plates. n.t.=not tested.

homoplasmic.

Transformation efficiencies were compared by the
mean numbers of transformants per experiment. The
transformation efficiencies with 0.08-, 0.1-, 0.2-, 0.3-, and
0.6-um gold particles were 6.0%3.5, 7.3£4.0, 7.3+4.3,
9.3+4.6, and 4.8+ 1.9, respectively (Table 2). The average
number of transformants obtained with 0.3-ym particles
was the highest among all the tested particles; however,
there was no statistical difference compared with the
other particles.

Discussion

To the best of our knowledge, this is the first evaluation
of the applicability of gold particles that are 0.07-
0.3um in average diameter to plastid transformation.
Because optimizing the size of the microcarrier is
the first important step for particle bombardment
methods, some DNA microcarrier materials and
particle sizes have been evaluated in previous reports.
Randolph-Anderson et al. (1997) reported that plastid
transformation efficiency with 0.6-ym gold particles was
3-4 times higher than that with 1-ym gold particles or
M10 tungsten (approximately 1um) in Chlamydomonas.
Therefore, 0.6-ym gold particles have been used in most
plant species. However, undeveloped plastids have been
difficult to transform even with 0.6-um gold particles
(Lee et al. 2006). Langbecker et al. (2004) increased the
transformation efficiency of tobacco cell suspensions,
which have undeveloped 2-ym proplastids, using 0.4-ym

gold particles. Although the transformation efficiency
with 0.07-um gold particles was lower than that with 0.6-
pm particles under both pressure conditions (Table 1),
there was no statistical difference. Since approximately
1.5 plastid transformants per plate were obtained under
1100 psi, we considered that 0.07-ym gold particles,
which are the smallest size to be ever used, are sufficient
for obtaining a practical number of plastid transformants
in tobacco. Moreover, the transformation efliciency of
0.1-ym, 0.2-ym, and 0.3-ym gold particles tended to
increase compared with 0.6-um gold particles (Table 2),
although statistical analysis revealed that the effectiveness
of these small gold particles were the same as that of 0.6-
pm gold particles. Because the particle diameter range
in the Bio-Rad 0.6-ym gold powder has been reported
to be 0.1-0.9um (Randolph-Anderson et al. 1997),
Bio-Rad 0.6-ym gold powder also contains small gold
particles of 0.1-0.3 um. However, the size of the particles
effective for plastid transformation was not evaluated.
Small gold particles less than 0.3 yum were as effective as
gold particles of 0.6-ym; therefore, it is suggested that a
smaller diameter range of gold particles in 0.6-ym gold
powder may be preferred for plastid transformation.

We considered that the proper acceleration pressure
was important for integration of small gold particles and
that higher acceleration pressure may be required for
small-mass gold particles to penetrate plastids. Sanford
et al. (1993) suggested that approximately 1000 psi is
optimal for most applications because damage to the
biological target increased markedly as the pressure
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increased above 1000 psi, and Langbecker et al. (2004)
showed that an acceleration pressure of 1100 psi was
better than 1350 psi for plastid transformation of cell
suspensions with 0.4-ym gold particles. Therefore, we
compared the normal acceleration pressure of 1100 psi
with a higher pressure of 1350 psi for the integration
0.07-um gold particles. In contrast to our expectation,
both 1100psi and 1350 psi acceleration pressure
was determined to be sufficient to produce plastid
transformants in 0.07-ym and 0.6-ym gold particles but
not in 1-ym gold particles (Table 1).

Recently, not only nanosized gold particles, but also
gold-coated mesoporous silica nanoparticles (Torney
et al. 2007) and gold-coated carbon nanoparticles
(Vijayakumar et al. 2010) have been developed and
evaluated as carriers for delivering DNA, proteins, and
chemical substances to plant target cells (Ghormade et
al. 2011; Moaveni et al. 2011). Nanoparticles have also
been assessed for delivering siRNA (Song et al. 2010),
vaccines, or chemical substances to mammalian cell
(Rana et al. 2011). O’Brien and Lummis (2011) reported
the integration of DNA into human cells with 40-
nm gold particles with the same efficiency as that with
1-um gold particles. However, unlike mammalian cells
that have only a plasma membrane, plant cells have cell
walls, and plastids have their own double membranes.
Thus, it is predicted that transformation efficiency in
tobacco with gold particles of less than 0.07 ym diameter,
which were the smallest in our study, will gradually be
reduced because of the difficulty in penetrating plastids.
Silica and carbon nanoparticles would not have adequate
density for penetrating plant cells without the gold
surface coating (Torney et al. 2007; Vijayakumar et al.
2010). From our results, the 0.08-0.3-ym gold particles,
a sufficient size range for plastid transformation, appear
to be a suitable balance between sufficient density for
penetrating plastids and minimal damage to the plastids.

For technical aspects of the particle bombardment
method, it is preferable that DNA/gold solutions be well
suspended and uniformly coated on the microcarrier
film without aggregation for dispersing the particles
to the target cells. Kausch et al. (1995) reported that
DNA/gold particles formed extremely loose aggregates
and were finely dispersed compared with tungsten
particles. In our previous report, the DNA/gold solution
with 0.6-ym gold particles was easily suspended by
pipetting and low vortexing (Okuzaki and Tabei 2012).
However, in our examination of DNA coating of small
gold particles, the particles with aggregated DNA, and
the aggregate could not be resuspended by pipetting and
vortexing (data not shown). In order to resuspend the
gold particles in ethanol, the aggregated pellet in ethanol
was briefly (2-4s) sonicated in the 1.5-ml tube. We were
concerned that sonication would partially fragment the
DNA. However, protamine, which is in the DNA/gold

particles in our protocol, has been reported to improve
the protection of condensed DNA from degradation by
DNase compared with spermidine (Sivamani et al. 2009).
Moreover, Wu et al. (2009) reported that condensed
plasmid DNA was stabilized and remained more than
80% intact after a 30s of sonication, whereas naked
plasmid DNA was fragmented by 5 of sonication. In our
results, transformation efficiency with the control 0.6-ym
pNtag-coated gold particles with protamine and treated
by brief sonication was at the same level as that in our
previous report, in which the 0.6-ym pNtag-coated gold
particles with spermidine were not sonicated (Okuzaki
and Tabei 2012). Therefore, condensing DNA with
protamine is suggested to protect plasmid DNA on gold
particles from fragmentation during brief sonication.

The decreased transformation efficiency with the
smallest particles in this study appeared to be caused
by less DNA coating efficiency on the particles due
to the size of the condensed DNA. Hurst et al. (2006)
demonstrated that the amount of DNA on gold particles
decreased significantly with decreasing surface area.
Delivered DNA is usually condensed by a polyamine,
such as spermidine or protamine, for coating the surface
of gold particles. In our protocol, plasmid DNA was
condensed using protamine in the DNA-coating step
because protamine improved nuclear transformation
efficiency by providing resistance to DNase (Sivamani et
al. 2008). Because protamine condenses 7.5kb of DNA
to approximately 40 nm in diameter (Allen et al. 1997),
our 9.1-kb vector pNtag is estimated to be condensed to
a little more than 40 nm. Balancing the surface area of
the gold particles with the size of the condensed DNA,
gold particles more than 0.08 ym in diameter would
be considered suitable for efficiently carrying and
integrating plasmid DNA into plastids.

In conclusion, we have shown that small gold particles
are effective for plastid transformation. Since particle
size is not only one transformation parameter, it may be
necessary to adjust additional parameters, such as the
particle amount or bombardment pressure, for each plant
species, depending on the type of target cell. However,
the application of small gold particles should encourage
plastid transformation by improving DNA integration
efficiency in many plant species, both those with small
proplastids and those with fully developed chloroplasts in
the target cells.

Acknowledgments

The authors would like to thank Dr. M. Kobari for encouraging our
research, and Ms. C. Itoh, K. Sasaki, A. Sugai, and R. Masuda for
technical assistance with plant cultures. This work was partially
supported by a grant from the Ministry of Agriculture, Forestry
and Fisheries of Japan (Genomics for Agricultural Innovation,
GPNO0004). The authors would like to thank Enago (www.enago.jp)
for the English language review.

Copyright © 2013 The Japanese Society for Plant Cell and Molecular Biology



References

Allen M]J, Bradbury EM, Balhorn R (1997) AFM analysis of DNA-
protamine complexes bound to mica. Nucleic Acids Res 25:
2221-2226

Bock R (2007) Plastid biotechnology: prospects for herbicide and
insect resistance, metabolic engineering and molecular farming.
Curr Opin Biotechnol 18: 100-106

Boynton JE, Gillham NW, Harris EH, Hosler JP, Johnson AM,
Jones AR, Randolph-Anderson BL, Robertson D, Klein TM,
Shark KB, Sanford JC (1988) Chloroplast transformation in
Chlamydomonas with high velocity microprojectiles. Science
240: 1534-1538

Cheng L, Li HP, Qu B, Huang T, Tu JX, Fu TD, Liao YC (2010)
Chloroplast transformation of rapeseed (Brassica napus) by
particle bombardment of cotyledons. Plant Cell Rep 29: 371-381

Daniell H, Khan MS, Allison L (2002) Milestones in chloroplast
genetic engineering: an environmentally friendly era in
biotechnology. Trends Plant Sci 7: 84-91

Daniell H, Kumar S, Dufourmantel N (2005) Breakthrough in
chloroplast genetic engineering of agronomically important
crops. Trends Biotechnol 23: 238-245

Daniell H, Singh ND, Mason H, Streatfield SJ (2009) Plant-made
vaccine antigens and biopharmaceuticals. Trends Plant Sci 14:
669-679

Davoodi-Semiromi A, Schreiber M, Nalapalli S, Verma D, Singh
ND, Banks RK, Chakrabarti D, Daniell H (2010) Chloroplast-
derived vaccine antigens confer dual immunity against cholera
and malaria by oral or injectable delivery. Plant Biotechnol J 8:
223-242

Edwards K, Johnstone C, Thompson C (1991) A simple and rapid
method for the preparation of plant genomic DNA for PCR
analysis. Nucleic Acids Res 19: 1349

Ghormade V, Deshpande MV, Paknikar KM (2011) Perspectives for
nano-biotechnology enabled protection and nutrition of plants.
Biotechnol Adv 29: 792-803

Hou BK, Zhou YH, Wan LH, Zhang ZL, Shen GE, Chen ZH,
Hu ZM (2003) Chloroplast transformation in oilseed rape.
Transgenic Res 12: 111-114

Hurst SJ, Lytton-Jean AK, Mirkin CA (2006) Maximizing DNA
loading on a range of gold nanoparticle sizes. Anal Chem 78:
8313-8318

Kausch AP, Adams TR, Mangano M, Zachwieja S], Gordon-Kamm
W, Daines R, Willetts NG, Chambers SA, Adams W Jr, Anderson
A, Williams G, Haines G (1995) Effects of microprojectile
bombardment on embryogenic suspension cell cultures of
Maize (Zea mays L.) used for genetic transformation. Planta 196:
501-509

Khalafalla MM, Rahman SM, El-Shemy HA, Nalkamoto Y, Wakasa
K, Ishimoto M (2005) Optimization of particle bombardment
conditions by monitoring of transient sGFP (S65T) Expression in
Transformed Soybean. Breed Sci 55: 257-263

Khan MS (2012) Plastid genome engineering in plants: present
status and future trends. Mol Plant Breed 3: 91-102

Khan MS, Maliga P (1999) Fluorescent antibiotic resistance
marker for tracking plastid transformation in higher plants. Nat
Biotechnol 17: 910-915

Kida S, Ichiji M, Watanabe J, Hirasawa I (2013) Shape and PSD
control of nanometer Au used for particle gun. Front Chem Sci
Eng, published online. doi:10.1007/s11705-013-1313-x.

Kikkert JR (1993) The biolistic PDS-1000/He device. Plant Cell
Tissue Organ Cult 33: 221-226

A. Okuzaki et al.

Klein TM, Wolf ED, Sanford JC (1987) High velocity
microprojectiles for delivering nucleic acids into living cells.
Nature 327: 70-73

Koop HU, Steinmiiller K, Wagner H, Réfller C, Eibl C, Sacher
L (1996) Integration of foreign sequences into the tobacco
plastome via polyethylene glycol-mediated protoplast
transformation. Planta 199: 193-201

Kumar S, Dhingra A, Daniell H (2004) Plastid-expressed betaine
aldehyde dehydrogenase gene in carrot cultured cells, roots,
and leaves confers enhanced salt tolerance. Plant Physiol 136:
2843-2854

Langbecker CL, Ye GN, Broyles DL, Duggan LL, Xu CW,
Hajdukiewicz PTJ, Armstrong CL, Staub JM (2004) High-
frequency transformation of undeveloped plastids in tobacco
suspension cells. Plant Physiol 135: 39-46

Lee SM, Kang K, Chung H, Yoo SH, Xu XM, Lee SB, Cheong
JJ, Daniell H, Kim M (2006) Plastid transformation in the
monocotyledonous cereal crop, rice (Oryza sativa) and
transmission of transgenes to their progeny. Mol Cells 21:
401-410

Lelivelt CL, McCabe MS, Newell CA, Desnoo CB, van Dun KM,
Birch-Machin I, Gray JC, Mills KH, Nugent JM (2005) Stable
plastid transformation in lettuce (Lactuca sativa L.). Plant Mol
Biol 58: 763-774

Lim S, Ashida H, Watanabe R, Inai K, Kim YS, Mukougawa
K, Fukuda H, Tomizawa K, Ushiyama K, Asao H, Tamoi M,
Masutani H, Shigeoka S, Yodoi J, Yokota A (2011) Production
of biologically active human thioredoxin 1 protein in lettuce
chloroplasts. Plant Mol Biol 76: 335-344

Lloyd AH, Timmis JN (2011a) The origin and characterization of
new nuclear genes originating from a cytoplasmic organellar
genome. Mol Biol Evol 28: 2019-2028

Lloyd AH, Timmis JN (2011b) Endosybiotic evolution in action—
real-time observations of chloroplast to nucleus gene transfer.
Mobile Genet Elements 1: 216-220

Maliga P (2003) Progress towards commercialization of plastid
transformation technology. Trends Biotechnol 21: 20-28

Maliga P, Bock R (2011) Plastid biotechnology: food, fuel, and
medicine for the 21st century. Plant Physiol 155: 1501-1510

Mikami T, Takayasu Y, Watanabe ], Hirasawa I (2011) Influence
of polyethyleneimine addition on crystal size distribution of Au
nanocrystals. Chem Eng Technol 34: 997-8511

Moaveni P, Karimi K, Valojerdi MZ (2011) The Nanoparticles in
plants. ] Nanostruct Chem 2: 59-78

Nakamura H, Muramatsu M, Hakata M, Ueno O, Nagamura
Y, Hirochika H, Takano M, Ichikawa H (2009) Ectopic
overexpression of the transcription factor OsGLKI induces
chloroplast development in non-green rice cells. Plant Cell
Physiol 50: 1933-1949

O’Brien JA, Lummis SCR (2011) Nano-biolistics: a method of
biolistic transfection of cells and tissues using a gene gun with
novel nanometer-sized projectiles. BMC Biotechnol 11: 66

Okuzaki A, Tabei Y (2012) Improvement of the plastid
transformation protocol by modifying tissue treatment at pre-
and post-bombardment in tobacco. Plant Biotechnol 29: 307-309

O’Neill C, Horvath GV, Horvath E, Dix PJ, Medgyesy P (1993)
Chloroplast transformation in plants: polyethylene glycol (PEG)
treatment of protoplasts is an alternative to biolistic delivery
systems. Plant J 3: 729-738

Rana S, Bajaj A, Mout R, Rotello VM (2012) Monolayer coated gold
nanoparticles for delivery applications. Adv Drug Deliv Rev 64:
200-216

Copyright © 2013 The Japanese Society for Plant Cell and Molecular Biology

71


http://dx.doi.org/10.1093/nar/25.11.2221
http://dx.doi.org/10.1093/nar/25.11.2221
http://dx.doi.org/10.1093/nar/25.11.2221
http://dx.doi.org/10.1016/j.copbio.2006.12.001
http://dx.doi.org/10.1016/j.copbio.2006.12.001
http://dx.doi.org/10.1016/j.copbio.2006.12.001
http://dx.doi.org/10.1126/science.2897716
http://dx.doi.org/10.1126/science.2897716
http://dx.doi.org/10.1126/science.2897716
http://dx.doi.org/10.1126/science.2897716
http://dx.doi.org/10.1126/science.2897716
http://dx.doi.org/10.1007/s00299-010-0828-6
http://dx.doi.org/10.1007/s00299-010-0828-6
http://dx.doi.org/10.1007/s00299-010-0828-6
http://dx.doi.org/10.1016/S1360-1385(01)02193-8
http://dx.doi.org/10.1016/S1360-1385(01)02193-8
http://dx.doi.org/10.1016/S1360-1385(01)02193-8
http://dx.doi.org/10.1016/j.tibtech.2005.03.008
http://dx.doi.org/10.1016/j.tibtech.2005.03.008
http://dx.doi.org/10.1016/j.tibtech.2005.03.008
http://dx.doi.org/10.1016/j.tplants.2009.09.009
http://dx.doi.org/10.1016/j.tplants.2009.09.009
http://dx.doi.org/10.1016/j.tplants.2009.09.009
http://dx.doi.org/10.1111/j.1467-7652.2009.00479.x
http://dx.doi.org/10.1111/j.1467-7652.2009.00479.x
http://dx.doi.org/10.1111/j.1467-7652.2009.00479.x
http://dx.doi.org/10.1111/j.1467-7652.2009.00479.x
http://dx.doi.org/10.1111/j.1467-7652.2009.00479.x
http://dx.doi.org/10.1093/nar/19.6.1349
http://dx.doi.org/10.1093/nar/19.6.1349
http://dx.doi.org/10.1093/nar/19.6.1349
http://dx.doi.org/10.1016/j.biotechadv.2011.06.007
http://dx.doi.org/10.1016/j.biotechadv.2011.06.007
http://dx.doi.org/10.1016/j.biotechadv.2011.06.007
http://dx.doi.org/10.1023/A:1022180315462
http://dx.doi.org/10.1023/A:1022180315462
http://dx.doi.org/10.1023/A:1022180315462
http://dx.doi.org/10.1021/ac0613582
http://dx.doi.org/10.1021/ac0613582
http://dx.doi.org/10.1021/ac0613582
http://dx.doi.org/10.1007/BF00203650
http://dx.doi.org/10.1007/BF00203650
http://dx.doi.org/10.1007/BF00203650
http://dx.doi.org/10.1007/BF00203650
http://dx.doi.org/10.1007/BF00203650
http://dx.doi.org/10.1007/BF00203650
http://dx.doi.org/10.1270/jsbbs.55.257
http://dx.doi.org/10.1270/jsbbs.55.257
http://dx.doi.org/10.1270/jsbbs.55.257
http://dx.doi.org/10.1270/jsbbs.55.257
http://dx.doi.org/10.1038/12907
http://dx.doi.org/10.1038/12907
http://dx.doi.org/10.1038/12907
http://dx.doi.org/10.1007/s11705-013-1313-x
http://dx.doi.org/10.1007/s11705-013-1313-x
http://dx.doi.org/10.1007/s11705-013-1313-x
http://dx.doi.org/10.1007/BF02319005
http://dx.doi.org/10.1007/BF02319005
http://dx.doi.org/10.1038/327070a0
http://dx.doi.org/10.1038/327070a0
http://dx.doi.org/10.1038/327070a0
http://dx.doi.org/10.1007/BF00196559
http://dx.doi.org/10.1007/BF00196559
http://dx.doi.org/10.1007/BF00196559
http://dx.doi.org/10.1007/BF00196559
http://dx.doi.org/10.1104/pp.104.045187
http://dx.doi.org/10.1104/pp.104.045187
http://dx.doi.org/10.1104/pp.104.045187
http://dx.doi.org/10.1104/pp.104.045187
http://dx.doi.org/10.1104/pp.103.035410
http://dx.doi.org/10.1104/pp.103.035410
http://dx.doi.org/10.1104/pp.103.035410
http://dx.doi.org/10.1104/pp.103.035410
http://dx.doi.org/10.1007/s11103-005-7704-8
http://dx.doi.org/10.1007/s11103-005-7704-8
http://dx.doi.org/10.1007/s11103-005-7704-8
http://dx.doi.org/10.1007/s11103-005-7704-8
http://dx.doi.org/10.1007/s11103-011-9745-5
http://dx.doi.org/10.1007/s11103-011-9745-5
http://dx.doi.org/10.1007/s11103-011-9745-5
http://dx.doi.org/10.1007/s11103-011-9745-5
http://dx.doi.org/10.1007/s11103-011-9745-5
http://dx.doi.org/10.1093/molbev/msr021
http://dx.doi.org/10.1093/molbev/msr021
http://dx.doi.org/10.1093/molbev/msr021
http://dx.doi.org/10.4161/mge.1.3.17947
http://dx.doi.org/10.4161/mge.1.3.17947
http://dx.doi.org/10.4161/mge.1.3.17947
http://dx.doi.org/10.1016/S0167-7799(02)00007-0
http://dx.doi.org/10.1016/S0167-7799(02)00007-0
http://dx.doi.org/10.1104/pp.110.170969
http://dx.doi.org/10.1104/pp.110.170969
http://dx.doi.org/10.1002/ceat.201000495
http://dx.doi.org/10.1002/ceat.201000495
http://dx.doi.org/10.1002/ceat.201000495
http://dx.doi.org/10.1093/pcp/pcp138
http://dx.doi.org/10.1093/pcp/pcp138
http://dx.doi.org/10.1093/pcp/pcp138
http://dx.doi.org/10.1093/pcp/pcp138
http://dx.doi.org/10.1093/pcp/pcp138
http://dx.doi.org/10.1186/1472-6750-11-66
http://dx.doi.org/10.1186/1472-6750-11-66
http://dx.doi.org/10.1186/1472-6750-11-66
http://dx.doi.org/10.5511/plantbiotechnology.12.0319a
http://dx.doi.org/10.5511/plantbiotechnology.12.0319a
http://dx.doi.org/10.5511/plantbiotechnology.12.0319a
http://dx.doi.org/10.1111/j.1365-313X.1993.00729.x
http://dx.doi.org/10.1111/j.1365-313X.1993.00729.x
http://dx.doi.org/10.1111/j.1365-313X.1993.00729.x
http://dx.doi.org/10.1111/j.1365-313X.1993.00729.x
http://dx.doi.org/10.1016/j.addr.2011.08.006
http://dx.doi.org/10.1016/j.addr.2011.08.006
http://dx.doi.org/10.1016/j.addr.2011.08.006

72

Efficient plastid transformation using small gold particles

Randolph-Anderson BL, Boynton JE, Dawson J, Dunder E, Eskes
R, Gillham NW, Johnson A, Perlman PS, Suttie J, Heiser WC
(1997) Sub-micron gold particles are superior to larger particles
for efficient biolistic transformation of organelles and some cell
types. US/EG Bulletin 2015 Bio-Rad

Ruhlman T, Ahangari R, Devine A, Samsam M, Daniell H (2007)
Expression of cholera toxin B-proinsulin fusion protein in lettuce
and tobacco chloroplasts—oral administration protects against
development of insulitis in non-obese diabetic mice. Plant
Biotechnol ] 5: 495-510

Ruf S, Karcher D, Bock R (2007) Determining the transgene
containment level provided by chloroplast transformation. Proc
Natl Acad Sci USA 104: 6998-7002

Sanford JC, Smith FD, Russell JA (1993) Optimizing the biolistic
process for different biological applications. Methods Enzymol
217:483-509

Sivamani E, DeLong RK, Qu R (2009) Protamine-mediated DNA
coating remarkably improves bombardment transformation
efficiency in plant cells. Plant Cell Rep 28: 213-221

Song WJ, Du JZ, Sun TM, Zhang PZ, Wang J (2010) Gold
nanoparticles capped with polyethyleneimine for enhanced

siRNA delivery. Small 6: 239-246

Svab Z, Hajdukiewicz P, Maliga P (1990) Stable transformation of
plastids in higher plants. Proc Natl Acad Sci USA 87: 8526-8530

Torney F, Trewyn BG, Lin VSY, Wang K (2007) Mesoporous silica
nanoparticles deliver DNA and chemicals into plants. Nat
Nanotechnol 2: 295-300

Vijayakumar PS, Abhilash OU, Khan BM, Prasad LV (2010)
Nanogold-loaded sharp-edged carbon bullets as plant gene
carriers. Adv Funct Mater 20: 2416-2423

Wang HH, Yin WB, Hu ZM (2009) Advances in chloroplast
engineering. | Genet Genomics 36: 387-398

Wu ML, Freitas SS, Monteiro GA, Prazeres DM, Santos JAL (2009)
Stabilization of naked and condensed plasmid DNA against
degradation induced by ultrasounds and high-shear vortices.
Biotechnol Appl Biochem 53: 237-246

Zhou F, Badillo-Corona JA, Karcher D, Gonzalez-Rabade N,
Piepenburg K, Borchers AMI, Maloney AP, Kavanagh TA,
Gray JC, Bock R (2008) High-level expression of human
immunodeficiency virus antigens from the tobacco and tomato
plastid genomes. Plant Biotechnol ] 6: 897-913

Copyright © 2013 The Japanese Society for Plant Cell and Molecular Biology


http://dx.doi.org/10.1111/j.1467-7652.2007.00259.x
http://dx.doi.org/10.1111/j.1467-7652.2007.00259.x
http://dx.doi.org/10.1111/j.1467-7652.2007.00259.x
http://dx.doi.org/10.1111/j.1467-7652.2007.00259.x
http://dx.doi.org/10.1111/j.1467-7652.2007.00259.x
http://dx.doi.org/10.1073/pnas.0700008104
http://dx.doi.org/10.1073/pnas.0700008104
http://dx.doi.org/10.1073/pnas.0700008104
http://dx.doi.org/10.1016/0076-6879(93)17086-K
http://dx.doi.org/10.1016/0076-6879(93)17086-K
http://dx.doi.org/10.1016/0076-6879(93)17086-K
http://dx.doi.org/10.1007/s00299-008-0636-4
http://dx.doi.org/10.1007/s00299-008-0636-4
http://dx.doi.org/10.1007/s00299-008-0636-4
http://dx.doi.org/10.1002/smll.200901513
http://dx.doi.org/10.1002/smll.200901513
http://dx.doi.org/10.1002/smll.200901513
http://dx.doi.org/10.1073/pnas.87.21.8526
http://dx.doi.org/10.1073/pnas.87.21.8526
http://dx.doi.org/10.1038/nnano.2007.108
http://dx.doi.org/10.1038/nnano.2007.108
http://dx.doi.org/10.1038/nnano.2007.108
http://dx.doi.org/10.1002/adfm.200901883
http://dx.doi.org/10.1002/adfm.200901883
http://dx.doi.org/10.1002/adfm.200901883
http://dx.doi.org/10.1016/S1673-8527(08)60128-9
http://dx.doi.org/10.1016/S1673-8527(08)60128-9
http://dx.doi.org/10.1111/j.1467-7652.2008.00356.x
http://dx.doi.org/10.1111/j.1467-7652.2008.00356.x
http://dx.doi.org/10.1111/j.1467-7652.2008.00356.x
http://dx.doi.org/10.1111/j.1467-7652.2008.00356.x
http://dx.doi.org/10.1111/j.1467-7652.2008.00356.x

