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We have used two aminoglycosides, G5 and paromomycin, to develop a reliable selection system for nptil transgenic sweet-
potato (lpomoea batatas (L.) Lam.). Embryogenic calli derived from shoot apical meristems were bombarded with gold parti-
cles coated with pCAMBIA2301, which contained the nptll and gusA genes. When compared on a kill curve that was based on
calli proliferation and cell viability, G.:g-selection proved to be more efficient and had fewer escapes than kanamycin. These
bombarded explants were then selected on G g-containing media. The total time required from bombardment to plant
establishment in soil was seven to nine months. Multiple copies of the transgene were integrated into the sweetpotato
genome. Northern analysis confirmed fransgene expression in the regenerated plants, and a paromomycin assay demonstrated
that the nptll gene was functionally expressed in transformed sweetpotato. These molecular analyses and assays all showed
that selection with G,,5 and paromomycin is reliable. So far, we have produced 69 transgenic events with this system, at a
transformation frequency of approx. 1.1%. That efficiency is based on the number of transgenic plants obtained and the
amount of calli bombarded. Thus, this selection method that combines G45 with paromomycin is now available for selecting
nptil transgenic sweetpotato.
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Sweetpotato [[pomoea batatas (L) Lam.] is an important et al., 2001; Wakita et al., 2001). However, sweetpotato
food crop that, because of its tolerance to drought, infertile  species show endogenous resistance to kanamycin (Okada
soils, and limited management (Woolfe, 1992), can be etal., 1995, 2001; Wakita et al., 2001), making it ineffective
grown on marginal lands where economically important  for the selection of nptll transgenic sweetpotato and
cereal crops are vulnerable to those abiotic stresses. resulting in extremely low final efficiencies. As a solution to

Improvements to sweetpotato are highly dependent upon  this problem, the aminoglycosides Gai5 and paromomycin
conventional breeding programs that are based on sexual  are now more widely used in crops that exhibit intrinsic
hybridization. However, their success is hindered by the low  kanamycin resistance (Dekeyser et al., 1989; Nehra et al.,
number of genetic resources, many of which are cross-  1994; Cheng et al., 1997; Rajasekaran et al., 2000; Zhang
incompatible, with their progeny often being male-sterile  and Puonti-Kaerlas, 2000; Howe et al., 2006).

{Jones, 1980). To overcome such limitations, biotechnological An improved selection strategy for efficient sweetpotato
techniques, e.g., tissue culture and genetic transformation,  transformation would retain nptll as a selectable marker.
have been introduced. Moreover, an effective marker selection strategy would save

Although sweetpotato has already been transformed  time and labor when monitoring for transformation events
(Prakash and Varadarajan, 1992; Newell et al., 1995; among the proliferating populations of non-transformed
Okada et al., 1995, 2001; Gama et al., 1996; Min et al.,  cells or escapes. The study presented here is the first to
1998; Moran et al., 1998; Otani et al., 1998; Kimura et al.,  report reliable selection of nptll transgenic sweetpotato that
2001; Wakita et al., 2001; Yamaguchi et al., 2004), a more  utilizes G415 and paromomycin. lts reproducibility, efficiency,
efficient system is needed. The choice of selectable marker  and relative rapidity make this system a useful tool for
and selection agent is critical because of currently low trans-  genetically engineering improvements in that crop.
formation frequencies. For sweetpotato, two genes for
antibiotic resistance -- neomycin phosphotransferase (npt!l)
and hygromycin phosphotransferase (hpt) - are the most MATERIALS AND METHODS
commonly used selectable markers for confirming
transformation events. The combination of hygromycin and ~ Plant Material and Callus Induction
hpt is more effective than kanamycin/npt!l in screening for

. R . i to [I. ) Lam. A
antibiotic-resistant calli (Okada et al., 1995, 2001; Kimura We used an elite sweetpotato [I. batatas (L) Lam.] cv

Yulmi that was kindly supplied by the Mokpo Experiment
Station, National Institute of Crop Science, Rural Develop-
*Corresponding author; fax +82-64-725-0989 ment Administration (Mokpo, Korea). Plants were main-
e-mail kmkimus@hanmail.net tained in pots in the greenhouse at 26°C and under a 16-h
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photoperiod from natural light augmented by artificial
lamps. Stems containing three to five buds were surface-
sterilized in 70% ethanol for 1 min, then in 50% (V/V)
commercial bleach (Yuhanrox, Korea) for 20 min with
periodic agitation, followed by three rinses with sterile
distilled water. The stems were then placed on sterile filter
paper to remove excess moisture before the meristems were
isolated from the buds under a stereomicroscope. These
excised meristems were plated on an MS (Murashige and
Skoog, 1962) basal medium containing 1.0 mg L™ 2,4-
dichlorophenoxyacetic acid (2,4-D) and were cultured at
26°C in the dark to promote embryogenesis (Min et al.,
1998). The induced calli were transferred and maintained
on an N6 medium (Chu et al., 1975) containing 2 mg L™
2,4-D (2N6) at 26°C under a 16-h photoperiod (90 to 100
pmol m2s™),

Sensitivity of Explants to Selectable Agents

Preliminary sensitivity of the embryogenic calli was evalu-
ated with various concentrations of kanamycin or Gy
Twenty wild-type calli (1 to 2 mm) were cultured on 2N6
containing either kanamycin at 0, 25, 50, 100, or 200 mg L™;
or Gy (Duchefa Biochemie B.V:, Netherlands) at 0, 5, 10,
20, 50, or 100 mg L. After four weeks of culture, the resis-
tance threshold of these non-transformed calli was evalu-
ated on the basis of fresh weights measured from three-calli
clumps. Cell viability also was assayed according to the con-
version of 2,3,5-triphenyltetrazolium salt (TTC) into red for-
mazan by the dehydrogenase activity of viable cells (Towill
and Mazur, 1975), measuring absorbance at 485 nm. Each
treatment consisted of three replicates. After four weeks, the
calli were sub-cultured on a regeneration medium that con-
sisted of an MS basal medium supplemented with 0.1 mg L™ 6-
benzylaminopurine (BAP). Shoot formation was scored.

Plasmid DNA, Transformation, and Regeneration

Plasmid pCAMBIA2301 (CAMBIA, Australia) was used for
transformation via microprojectile bombardment. Its vector
carries a chimeric neomycin phosphotransferase 1l gene
{nptll) and a B-glucuronidase gene (gusA), both under the
control of the CaMV35S promoter (Fig. 1). The gusA
reporter gene contains a catalase intron within the coding
sequence to ensure that expression of glucuronidase activity
is derived from eukaryotic cells (www.cambia.org). Gold
particles were coated with plasmid DNA according to the
procedure of Weeks et al. (1993), with the following modifi-
cations. A stock suspension comprised 1-um-diameter gold
particles suspended at 60 mg mL™" in 50% glycerol. Fifty pL
of this suspension was transferred into a 1.5-mL microfuge
tube and the following chilled sterile solutions were added
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in order: 5 plL plasmid DNA (1 pg pl™"), 50 pL 2.5M CaCl,,
and 20 pL 0.1 M spermidine. The tube was vortexed for 2
to 3 min and centrifuged at 14000g for 30 s. The pellet was
washed in 140 ulL of 70% ethanol and the DNA-coated gold
particles were suspended in 48 pL of 100% ethanol.
Approximately 50 embryogenic calli (each 1 to 2 mm) were
placed in a circle (2.2-cm diam.) in the center of a 15 X 90
mm Petri dish containing 2N6, which was then placed in

* the Biolistic Delivery System (Bio-Rad Laboratories, USA).

Next, 6 plL of the DNA-gold suspension was loaded onto the
center of a macroprojectile. After the distance between the
stopping plate and the target tissues was adjusted to 6 cm,
the calli were bombarded under vacuum with the strength
of the rupture disk set at 1100 psi. After bombardment, the
explants were kept on the same medium for 5 d before
being transferred to an 2N6 medium containing 20 mg L™
Gas for selection. The explants were sub-cultured onto
fresh media at three-week intervals. Selected explants were
then transferred onto a plant regeneration medium that
consisted of an MS medium supplemented with 0.1 mg L™
BAP and 10 mg L™ Gy for three to six weeks. In addition,
Gyg-resistant shoots were maintained on a plant regeneration
medium without Gy5. The regenerated plantlets were then
transferred onto a rooting medium containing a half-strength
MS basal medium. All tissues were sub-cultured onto fresh
media every three weeks. These cultures were maintained
at 26°C under a 16-h photoperiod (at 90 to 100 pmol m2s™).
Plants with well-developed roots were transplanted into 15-
cm standard pots containing a soil mixture for growth in a
greenhouse.

Molecular Analysis of Transgenic Plants

DNA isolation and PCR: Genomic DNA was isolated from
transgenic and wild-type sweetpotato plants (Dellaporta et
al., 1983). PCR was performed with Tag DNA polymerase
(TaKaRa Bio, Japan) in a 50-pL volume in a thermal cycler
(Gene Amp® PCR System) (Applied Biosystems, USA). The
PCR program consisted of an initial denaturation at 94°C for
30 s; followed by 30 cycles of 94°C for 30 s, annealing at
60°C for 30 s, and extension at 72°C for 60 s; followed by a
final extension at 72°C for 5 min. DNA samples were used
as template to amplify the nptll and gusA genes. The primer
sequences, designed for 715 bp of nptll and 1 kbp of gusA,
were as follows: nptll forward, 5'-gatgcgctgegaatcgggageg-3/;
nptll reverse, 5'-ggagagectatticggctatgac-3'; gusA forward, 5'-
tggtgacgcatgtcgegeaagac-3; and gusA reverse, 5'-ggtgat-
gataatcggctgatgeag-3'. PCR products were electrophoresed
in a 0.7% (w/v) agarose gel and then visualized.

Southern hybridization: Ten pg of each DNA sample was
digested overnight with the restriction endonuclease FcoRlI

(Y S _f\ .
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Figure 1. Map of vector pCAMBIA2301. 355 P, CaMV35S promoter; Nos T, Nos poly A; 35S T, CAMV35S poly A; nptll, neomycin phospho-

transferase l; gusA, B-glucuronidase.
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in 50 pl of the manufacturer’s buffer (New England Biolabs,
USA), then separated on a 0.8% (w/v) agarose gel. Southern
blotting and hybridization were carried out according to the
Amersham Biosciences (USA) protocol for “Hybond-N+”
charged nylon membranes. The DNA was hybridized with a
1.0-kb fragment of gusA that was PCR-amplified according
to the manufacturer’s instructions.

Northern hybridization: Total RNA was isolated from
leaves of transgenic and wild-type sweetpotato plants by
using TRIzol® Reagent (Invitrogen Life Technologies, USA).
A 30-ug RNA sample was separated by electrophoresis on
1% (w/v) agarose gels containing 1 XMOPS solution and 5%
formaldehyde, and then transferred to positively charged
nylon membranes. Hybridization was carried out according
to the manufacturer’s protocol, using gusA- and nptil-spe-
cific probes.

Histochemical $-Glucuronidase Assay

Transformed calli and shoots were analyzed for GUS
expression, following the histochemical assay protocol of Jef-
ferson et al. (1987). Explants were incubated at 37°C for 24
h in 100 mM sodium phosphate (pH 7.0), 10 mM Na-EDTA,
5 mM potassium ferricyanide, 5 mM potassium ferrocyanide,
0.1% (wh) X-gluc (5-bromo-4-chloro-3-indolyl-3-D-glucuronic
acid, cyclohexylammonium salt; Duchefa Biochemie B.V.,
the Netherlands), and 0.1% (v/v) Triton X-100.

Application of Paromomycin

Transgenic plants were assayed for their expression of
nptil to distinguish them from the non-transformed or trans-
gene-silenced plants. This was accomplished by applying
paromomycin (Sigma, USA), as described by Cheng et al.
(1997), but with some modifications. Three leaf disks were
punched from each transgenic or wild-type (negative con-
trol) plant and placed in wells containing 50 ppm paromo-
mycin solution. The samples were placed under continuous
light (90 to 100 pmol m™s™") at 26°C for 5 d. Before
transplanting, 500 ppm paromomycin was sprayed onto
plants growing in magenta boxes containing soil mix. These
plants were observed for a week to determine their resis-
tance or susceptibility to the antibiotic. Undamaged plants
were then transplanted to 15-cm standard pots for further
tests in the greenhouse.

RESULTS AND DISCUSSION

Sensitivity of Explants to Kanamycin and Gy

Callus fresh weights gradually decreased as the concentration
of kanamycin increased from 0 to 200 mg L™, but were
dramatically lower when the Gg concentration was
elevated from 0 to 100 mg L. A particularly sharp decline
in weight was noted at 10 mg L™ Gy1; (Fig. 2A). Cell viability
was somewhat reduced at increasingly higher concentrations of
kanamycin, but was markedly lower at greater concentrations of
Gus (Fig. 2B). Here, TTC solutions extracted from the calli
grown in a kanamycin medium or a G418 medium were
diluted with 95% alcohol to 1:16 and 1:8, respectively. To
test whether the calli cultured on a medium containing
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either kanamycin or G415 were regenerable, they were then
transferred to a regeneration medium without selection
agents. All calli cultured on the kanamycin medium
produced green spots, whereas those placed on a medium
containing 5 mg L' Gy formed only a few spots while
none arose from calli cultured with at least 10 mg L™ Gyg
(data not shown). In previous sweetpotato transformations,
25 to 100 mg L™ kanamycin was used to select for nptlf
transgenic plants (Prakash and Varadarajan, 1992; Newell et
al., 1995; Gama et al., 1996; Min et al., 1998; Moran et al.,
1998; Yarhaguchi et al., 2004). Here, however, our tissues
showed a higher intrinsic resistance to kanamycin, even at
200 mg L. Therefore, we considered it less effective for
screening than Ggig. The use of the latter for selection of
transformed sweetpotato with nptll also resulted in fewer
escapes. Based on these current results, we propose that 20
mg L™ Gy be applied at the callus-proliferating stage and
that 10 mg L' be used during the early regeneration (three
to six weeks) of transgenic plants.

Many crops are resistant to kanamycin, making that
antibiotic inefficient for the selection of nptll transgenic
plants because it results in many escapes. Thus, Csg has
been used to produce nptll transgenic plants in broccoli
(Kim and Botella, 2002), cassava (Zhang and Puonti-Kaerlas,
2000), cotton (Rajasekaran et al., 2000), rice (Dekeyser et
al., 1989), sorghum (Howe et al., 2006), and wheat (Nehra
et al, 1994; Cheng et al, 1997). Hygromycin phospho-
transferase (hpt) has been utilized in crop transformations,
and its use as a selectable marker allows for stringent
selection of those events. Kimura et al. (2001), Okada et al.
(2001), and Wakita et al. (2001) have reported that
hygromycin is suitable for selecting sweetpotato transformed
with the hpt selectable marker. Yamaguchi et al. (2004) also
have adopted a two-step selection system that relies on
kanamycin/npt!l and hygromycin/hpt for sweetpotato
transformation.

Transformation, Selection, and Regeneration of Sweet-
potato

Bombarded explants (Fig. 3C) were transferred to a 2N6
medium containing 20 mg L' Ga1s. This concentration was
used throughout our study because it was previously deter-
mined to be the optimal level based on primary kill-curve
experiments (Fig. 2). The selection pressure applied by Gag
during the callus-proliferating stage was very effective in
early identification of putative transgenic embryogenic
clusters, enabling us to discard a significant amount of
untransformed tissue. This, in turn, markedly reduced the
effort associated with selecting transformed calli. Howe et
al. (2006} has also emphasized the importance of early
selection pressure using G Or paromomycin in sorghum.

After three to four sub-culture periods {9 to 12 weeks),
our Gyg-resistant sweetpotato calli were compact and
yellowish-white, but were proliferating and developing
green sectors. They were easily distinguished from suscepti-
ble calli. Clusters of resistant calli showing green sectors
were then transferred to a plant regeneration medium
containing 10 mg L' Gys. At this stage, callus proliferation
decreased while shoot differentiation from the green sec-
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Figure 2. Kill-curve for calli cultured on kanamycin and G453 media for 4 weeks. (A) Calli fresh weight, (B) cell viability (kanamycin 1:16 dilu-

tion; G5 1:8 dilution; control (0) 1:16 dilution).
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Figure 3. Sweetpotato regeneration, transformation, confirmation of transgenic events, and transgenic plants growing in greenhouse. (A) Bom-
barded calli. (B) GUS expression in bombarded callus. (C) Selection of G,;g-resistant calli developing shoots. (D) GUS expression in calli devel-
oping shoots. (E) Plant regeneration. (F) GUS expression in leaf tissues: F1, wild type; F2 to F7, independent transgenic lines $23, 528, $31,
$32, 534, and $35. (G) Determination of transgenic plants using paromomycin solution (50 ppm) after 5 d: G1, wild type; G2 to G7, 523, 528,
531, 532, 534, and $35. (H) GUS expression in whole plant. {I) Determination of functional expression of nptll gene in transgenic plant by
paromomycin spray (500 ppm): 11, wild type; 12, transgenic. (J) GUS expression in sweetpotato roots: J1, wild type; J2, transgenic. (K) Trans-

genic sweetpotato plants in greenhouse.

tors increased. This selection step was critical because our
selection of transgenic sweetpotato plants occurred at the
first regeneration step of this system. Our three- to six-week
regeneration selection in the Ggsg-containing medium
provided a stringent screen for transgenic events because
the frequency of recovering non-transgenic sweetpotato was

very low. Thus, calli that appeared healthy and which were
developing shoots were transferred to the regeneration
medium without a selection agent and were allowed to pro-
liferate. After three to five subcultures on this medium,
plantlets formed (Fig. 3F) and were transferred to a rooting
medium without selection. These plantlets produced roots
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Table 1. Sweetpotato transformation frequencies.

No. of

p Transformation

Experiment  bombardments  No. of events frequency (%)
(No. of explants)® a Y
1 13 (~650) 12 1.9
2 50 (~2500) 24 1.0
3 22 (~2700) 11 0.9
4 39 (~2100) 21 1.1
Total 124 (~6200) 69 1.1

2Each bombardment involved approximately 50 embryogenic calli.
bTotal number of independent transgenic sweelpotato evenis
confirmed by GUS assay and paromomycin assay.

within four to six weeks, and were then transferred to
magenta boxes containing soil mix. They were placed in a
growth room under high humidity, where they were allowed
to acclimate for four to six weeks before they were trans-
ferred to a greenhouse for further growth and visual charac-
terization (Fig. 3K)

In all, we produced 69 plants from 124 bombardments
(with each concerning approximately 50 embryogenic calli).
Our transformation frequency here was 1.1%, which was
calculated by dividing the number of independent trans-
genic events that produced at least one soil-established
transgenic plant by the number of bombarded calli (Table
1). These events were confirmed by histochemical GUS
assay and the application of paromomycin. The total time
from bombarding the explants to having a viable plant in the
greenhouse was approximately seven to nine months.

Histochemical GUS Assay

To distinguish transgenic from non-transgenic events post-
bombardment, GUS expression in the calli (Fig. 3B), devel-
oping shoots (Fig. 3D), or leaf tissues from regenerated
plantlets (Fig. 3F) was histochemically assayed with X-gluc
solution. All GUS-positive explants developed into plantlets.

J. Plant Biol. Vol. 50, No. 2, 2007

Some explants that were GUS-negative at the calli selection
stage but GUS-positive at the plant regeneration stage, or
vice versa, also produced well-developed plantlets. Explants
that were GUS-negative at both stages did not form plant-
lets. Histochemical GUS activity showed gusA expression in
the roots of transgenic plants harvested from the greenhouse
(Fig. 3)2), but not in the roots of non-transformed control
plants (Fig. 3J1). Figure 3H illustrates GUS activity in the
whole plant, including the roots. Such stable expression
clearly demonstrated the integration of this introduced
transgene into the sweetpotato genome.

Characterization of Transgenic Sweetpotato

Genomic DNA isolated from six pufative transformed
plants (523, 528, $31, $32, $34, and S$35) and one non-
transformed plant (negative control), along with the plasmid
pCAMBIA2301 (positive control), were used as template
DNA for PCR amplification of gusA and nptil. The presence
of 715-bp and 1-kbp bands in samples from all six putative
transformants confirmed the integration of gusA (Fig. 4A)
and nptll (Fig. 4B), respectively, into the sweetpotato
genome. No amplification of either fragment was detected
in the non-transformed controls (Fig. 4).

To confirm that the introduced transgenes were stably
integrated, we performed Southern blot analysis with the six
transgenics and the single wild-type plant. All of the
transformed plants had different band patterns with multiple
transgene copy numbers, whereas no signal was detected in
the wild type (Fig. 5). The number of hybridized bands
directly corresponded to the copy number of that integrated
transgene, owing to the absence of the EcoRlI site within the
probe transgene. This indicated that these six transgenic
lines were derived from independent events. Multiple copies
of introduced transgenes are commonly found among
transgenic plants produced by microprojectile bombardment-
mediated transformation (Gordon-Kamm et al., 1990;
Weeks et al., 1993; Min et al., 1998). Thus, PCR and
Southern blot analyses demonstrated stable integration.

M WT PC 523 528 531 S32 534 S35

R
—

A. gusA

M WT PC 523 528 S31 §32 $34 S35

W G

0.7K»"

B. nptif

Figure 4. PCR analysis of six putative transgenic plants with pCAMBIA2301 on gusA (A) and nptll (B) genes. M, DNA size marker; WT, wild

type; PC, positive control (tCAMBIA23071).
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Figure 5. Southern blot analysis of transgenic sweetpotato. Genomic
DNA from each event; wild type (WT) and positive control
(pPCAMBIA2301) were digested with EcoRl and hybridized with 1.0-
kbp probe of gusA gene fragment. Positions and lengths (kbp) of
molecular size markers are indicated.
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Figure 6. Northern hybridization of transgenic plants. 30 ug of total
RNA was extracted from six independent transgenic events (531, 523,
$28, 532, $34, and $35), with one non-transformed sweetpotato plant
(WT) used as negative control. RNAs were electrophoresed and
hybridized with 32P-labeled DNA probes corresponding to nptli (A)
and gusA (B) genes. (C) Actin served as positive control.

We also performed northern hybridization to investigate
the expression of transgenes at the mRNA transcription
level, and found that both nptll and gusA were stably
expressed at various levels in the six transgenics but not in
the wild-type control plant (Fig. 6).

To evaluate plant resistance to paromomycin, leaf-disk
samples were collected from the transgenic and wild-type
plants. These were placed in a 24-well plate containing 50
ppm paromomycin. One week later, their resistance or
susceptibility was evaluated. All leaf disks from transgenic
plants remained green except at the margins, proving their

resistance, whereas the wild-type samples were bleached or
necrotized by the paromomycin (Fig. 3G). In addition,
before their transfer to the greenhouse, plants grown in
magenta boxes containing soil were sprayed with 500 ppm
paromomycin. All the transgenic plants survived and
showed no antibiotic damage (Fig. 31), while the wild types
died. This indicates that the introduced npt/l gene was
functionally expressed in transgenic sweetpotato.

To summarize, our proposed selection strategy resulted in
72 transgenic events produced from 124 bombardments.
These were confirmed by histochemical GUS assay and PCR
amplification of both transgenes, nptll and gusA (data not
shown). In all, 72 transformed plants and 10 non-
transformed controls of the same age were sprayed with
500 ppm paromomycin; 69 of the 72 resistant transgenics
survived and showed no antibiotic damage. These plants are
now growing in the greenhouse (Fig. 3K). In contrast, all 10
non-transformed control plants, plus 3 showing low expression,
died within a week after such treatment. Therefore, we have
now demonstrated that sweetpotato plants transformed with
nptll as the selection marker can be successfully generated
via the method described here.

In conclusion, we report the development of a reliable
protocol for selecting transgenic sweetpotato plants with
nptll. Optimization of a selection strategy is critical for
improving transformation efficiency of that species. Successful
implementation of nptil for sweetpotato has previously been
reported in a biolistics transformation system (Prakash and
Varadarajan, 1992; Min et al., 1998) as well as an
Agrobacterium-mediated gene transfer system (Newell et al.,
1995; Gama et al., 1996; Mordn et al., 1998; Yamaguchi et
al., 2004). However, those selections of nptll transgenic
sweetpotato depended upon the use of kanamycin, and
that process requires extended in vitro culture time and
labor and is accompanied by a high proportion of escapes.
The number of transgenic events characterized here
confirms the utility and enhanced reliability of this new
strategy when the aminoglycosides G5 and paromomycin
are used instead of kanamycin. These two components
aflow for stringent selection of nptll transgenic plants that
also eliminates untransformed or silenced transgenic plants
and reduces escapes. This system will improve research
efforts to transfer agronomically useful genes into sweetpo-
tato.
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