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a-Solanine and a-chaconine, steroidal glycoalkaloids (SGAs) found in potato (Solanum tuberosum), are among the best-known
secondary metabolites in food crops. At low concentrations in potato tubers, SGAs are distasteful; however, at high concentrations,
SGAs are harmful to humans and animals. Here, we show that POTATO GLYCOALKALOID BIOSYNTHESIS1 (PGA1) and PGA2,
two genes that encode cytochrome P450 monooxygenases (CYP72A208 and CYP72A188), are involved in the SGA
biosynthetic pathway, respectively. The knockdown plants of either PGA1 or PGA2 contained very little SGA, yet
vegetative growth and tuber production were not affected. Analyzing metabolites that accumulated in the plants and
produced by in vitro enzyme assays revealed that PGA1 and PGA2 catalyzed the 26- and 22-hydroxylation steps,
respectively, in the SGA biosynthetic pathway. The PGA-knockdown plants had two unique phenotypic characteristics:
The plants were sterile and tubers of these knockdown plants did not sprout during storage. Functional analyses of PGA1
and PGA2 have provided clues for controlling both potato glycoalkaloid biosynthesis and tuber sprouting, two traits that can
significantly impact potato breeding and the industry.

Potato (Solanum tuberosum) is the world’s fourthmost
important food crop after maize (Zea mays), rice (Oryza
sativa), and wheat (Triticum aestivum). Potato steroidal
glycoalkaloids (SGAs) are abundant poisons in tuber
sprouts and green tubers and are described as bitter
tasting, burning, scratchy, or acrid (Friedman, 2006;
Ginzberg et al., 2009; Taylor et al., 2007). SGAs in the

tuber are induced by exposure to light, low tempera-
ture, and mechanical injury (Valkonen et al., 1996).
Producers and consumers have called for the removal
of SGAs frompotatoes. Only potatowith SGAs ofmajor
food crops has such broad industry consensus on the
need to solve this important worldwide problem.
Controlling the SGA content is also important for po-
tato breeding. Wild germplasm has been used in potato
breeding programs as a source of pest and disease re-
sistance. Since high SGA concentrations are found in
most wild tuber-bearing species, introgression of wild
germplasm may increase the risk for high SGA levels.
Although the initial concentrations are still low in new
breeding lines, dangerous levels of SGAs can accumu-
late due to environmental factors, pathogen infections,
and postharvest treatments (Valkonen et al., 1996).

SGAs are biosynthesized from a common precursor,
cholesterol (CHR; Sawai et al., 2014), but little is known
about intermediates and enzymes in the SGA biosyn-
thetic pathway. To change a biosynthetic flow to CHR
and decrease SGA contents, transgenic potatoes over-
expressing a heterologous soybean sterol methyltrans-
ferase gene were produced (Arnqvist et al., 2003). Three
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genes responsible for glycosylating potato SGA have
been identified (McCue et al., 2005, 2006, 2007). How-
ever, changing the expression of the sterol meth-
yltransferase or glycosyltransferase genes does not
effectively decrease SGA levels. To control the SGA
content of potato, we focused on the biosynthetic
steps from CHR to the aglycone, solanidine. Few
details about the biosynthetic pathway are verified;
however, the pathway is hypothesized to require at
least three oxidization steps at positions C16, C22,
and C26 of CHR structure and the addition of
one nitrogen atom at the position C26 (Fig. 1;
Kaneko et al., 1977; Erich, 1983; Eich, 2008). The
later step was shown to be another oxidation and an
amination reaction at the position C26 (Ohyama
et al., 2013). Here, we identified two cytochrome P450
monooxygenase (CYPs) genes, POTATO GLYCOAL-
KALOID BIOSYNTHESIS1 (PGA1) and PGA2 that
encode enzymes mediating two oxidation steps. Si-
lencing PGA1 and PGA2 resulted in a significant re-
duction in SGA composition and the creation of novel
phenotypes, including the suppression of flower de-
velopment and tuber sprouting. Sprouting reduces
the quality and yield of potato tubers in storage.
Suppression of tuber sprouting is of significant ben-
efit to the industry for the long-term storage of tubers.
Thus, controlling tuber sprouting is another impor-
tant objective in potato breeding (Sonnewald and
Sonnewald, 2014).

RESULTS

Construction and Characterization of PGA1- and
PGA2-Knockdown Transgenic Potato Plants

Some CYPs are associated with steroid oxidization
(Ohnishi et al., 2009). SGAs can be found in most potato
plant tissues and are abundant in flowers and tuber
sprouts (Kozukue and Mizuno, 1985, 1989; Ginzberg
et al., 2009).We chose two candidateCYP genes thatwere
most expressed in flowers and tuber sprouts from the

potato unigene databases of the Gene Index project
(ftp://occams.dfci.harvard.edu/pub/bio/tgi/data/). Two
CYP cDNA sequences, encoding CYP72A208 and
CYP72A188 (http://drnelson.uthsc.edu/cytochromeP450.
html), share 52% amino acid sequence identity and have
about 45% amino acid identity to licorice CYP72A154
that is associated with the biosynthesis of glycyrrhizin,
a triterpenoid saponin (Seki et al., 2011). CYP72A208
and CYP72A188 genes (designated as PGA1 and PGA2)
are located on chromosomes 6 (PGSC0003DMG400026586
and PGSC0003DMG400026594, of which the deduced
proteins share .99% amino acid identity) and on
chromosomes 7 (PGSC0003DMG400011750), respec-
tively (Xu et al., 2011). To analyze the contribution of
PGA1 and PGA2 to SGA biosynthesis, we transformed
potatoes with an RNA interference vector to create
PGA1- or PGA2-knockdown transgenic potato plants
(Supplemental Fig. S1, pKT226 and pKT227). The
knockdown vectors were constructed from a stem-
loop fragment of PGA cDNAs that did not match
over 10 consecutive nucleotides. Of the 28 pKT226
transgenic lines, the in vitro shoots of four indepen-
dent lines (#20, #35, #45, and #67 in Fig. 2. A–E) had a
much lower SGA content than the controls (Fig. 2A),
consistent with their lower PGA1 transcript levels
(Fig. 2B). Similarly, the in vitro shoots of four out of
27 pKT227 transgenic lines (#9, #28, #45, and #59 in
Fig. 2, F–I) had lower SGA contents (Fig. 2F) and
lower levels of PGA2mRNA expression (Fig. 2G). All
PGA1- and PGA2-knockdown transgenic lines were
grown in a greenhouse and produced tubers. The
SGA contents of tuber peel and tuber cortex in the
knockdown lines were lower than the control in both
dark and light conditions (Fig. 2, C, D, H, and I), al-
though the transgenic tuber peels also accumu-
lated normal levels of chlorophyll and anthocyanin
(Supplemental Fig. S2). Most of the PGA-knockdown
plants had similar tuber yields to the control (Fig. 2, E
and J), although two lines of the PGA2-knockdown
plants had lower tuber yields than the control.
To confirm the results, we constructed the pKT249

Figure 1. Biosynthetic pathway for SGAs in
potato. The structures of CHR and solanidine,
two biosynthetic intermediates of potato SGAs,
are shown with the structures of the SGA pro-
ducts. Circles indicate putative carbon posi-
tions that are oxidized in the hypothesized
pathway.
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Figure 2. SGA content and yield of the PGA1- and PGA2-knockdown plants. A and B, LC-MS analysis of SGA (a-solanine and
a-chaconine) levels (A) and quantitative RT-PCR analysis of PGA1 expression levels (B) in the in vitro-grown shoots of inde-
pendent PGA1-knockdown plants. C and D, LC-MS analysis of the SGA levels (total SGA = a-solanine + a-chaconine) of the
PGA1-knockdown plants in the peel (C) and cortex (D) of harvested tuberswith/without light exposure. E, Yields of the tubers from
PGA1-knockdown plants. F and G, LC-MS analysis of SGA (a-solanine and a-chaconine) levels (F) and quantitative RT-PCR
analysis of PGA2 expression levels (G) in the in vitro-grown shoots of independent PGA2-knockdown plants. H and I, LC-MS
analysis of the SGAs levels of the PGA2-knockdown plants in the peel (H) and cortex (I) of harvested tubers with/without light
exposure. J, Yields of the tubers from PGA2-knockdown plants. Expression levels are shown relative to levels in control plants.
FW, fresh weight. Each bar of SGA content, relative expression level and yield shows the mean of three samples, with error bars
indicating SD.
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vector that used a different region of the PGA1 gene
(Supplemental Fig. S1, pga1-2). Of the 27 pKT249
transgenic lines, three independent lines also had
lower levels of SGAs and similar vegetative growth
(Supplemental Fig. S3, A–C) compared to the control
and the PGA1-knockdown transgenic plants (pKT226,
pga1-1). These results indicate that PGA1 and PGA2 are
necessary for SGA production in potato plants.

Metabolite Analyses of PGA1- and PGA2-Knockdown
Transgenic Potato Plants

To characterize the enzymes encoded by the PGA1
and PGA2 genes, we analyzed metabolites that accu-
mulated in the PGA1- and PGA2-knockdown plants by
gas chromatography-mass spectrometry (GC-MS). The
extracted ion chromatogram (EIC) of 173 m/z sterols
that accumulated in the PGA1-knockdown plants
(pga1-1) had four new peaks (Fig. 3A, peaks A–D),
compared to samples from nontransgenic plants and
vector control plants. The retention time (Rt) and mass
spectrum of peaks A and B matched with those of au-
thentic 22S-hydroxycholesterol (22S-OH-CHR) and
22R-hydroxycholesterol (22R-OH-CHR), respectively
(Fig. 3A, EIC = 173 m/z; Supplemental Figs. S4A and
S5A). From the mass spectra of peaks C and D, we inferred
that the two peaks corresponded to 22-hyroxycholesterol
(22-OH-CHR) derivatives that are presumed to be en-
antiomers of 16,22-dihydroxycholesterols (Supplemental
Figs. S4A and S5A). In contrast, the PGA2-knockdown
plants accumulated several to 10 times more CHR
than control plants (peak E as shown in Fig. 3A and
Supplemental Fig. S4B) and one minor product whose
Rt and mass spectrum matched those of authentic
26-hydroxycholesterol (26-OH-CHR; peak F as shown in
Fig. 3B, EIC = 468; Supplemental Figs. S4C and S5B). CHR
is the precursor for SGA biosynthesis (Sawai et al., 2014).
As the PGA2-knockdown transgenic plants accumulated
larger amounts of CHR compared to the control plants,
we inferred that PGA2 must use CHR as its substrate.
The PGA1-knockdown plants did not accumulate sig-
nificant amounts of CHR. Therefore, we hypothesized
that PGA2, a C-22 hydroxylase, oxidizes CHR to 22-OH-
CHR and that PGA1, a C-26 hydroxylase, must metab-
olize 22-OH-CHR (Fig. 4).

In Vitro PGA1 and PGA2 Enzymatic Activity Assay

To confirm the catalytic functions of PGA1 and
PGA2, we performed in vitro conversion assays using
recombinant proteins produced in insect cells by
baculovirus-mediated expression. In the presence of
NADPH, PGA1 metabolized 22S-OH-CHR and 22R-
OH-CHR but not CHR into products with Rts of 21.3
and 21.4 min, respectively (Fig. 5A). From their mass
spectra, the former product is identical to 22S,(25S)26-
diOH-CHR, and the latter product is presumed to be
22R,(25S)26-diOH-CHR. In contrast, PGA2 metabolized

CHR into two products with Rts of 20.9 and 21.2 min
that are identical to 22S-OH-CHR and 22R-OH-CHR,
respectively (Fig. 5B; Supplemental Fig. S6). These
results clearly indicate that PGA1 and PGA2 encode a
C26-hydroxylase and a C22-hydroxylase, respectively,
and are consistent with the observations of the accu-
mulated compounds in the knockdown transgenic
plants (Fig. 4).

Figure 3. Accumulated compounds in PGA1- and PGA2-knockdown
plants. A and B, GC-MS EIC (m/z = 173; A) and EIC (m/z = 456; B)
chromatograms of accumulated compounds in the nontransgenic plant,
the vector-transgenic plant, and the PGA1- and PGA2-knockdown
plants. Peaks A to F were not present in control plants. The retention
times and mass spectra (Supplemental Fig. S4A) of peaks A and B
comparewell with those of authentic 22S-OH-CHR and 22R-OH-CHR,
respectively. The mass spectra of peaks C and D also match those of
authentic 22S-OH-CHR and 22R-OH-CHR (Supplemental Fig. S4A).
Peaks C and D were expected to be 22-OH-CHR derivatives, as shown
in Supplemental Figure S5A. Peak E is coincident with that of CHR
(Supplemental Fig. S4B). Peak F is coincident with that of 26-OH-
CHR (Supplemental Fig. S4C). The enantiomer form of peak F was
not determined.
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Phenotypes of PGA1- and PGA2-Knockdown Transgenic
Potato Plants

The PGA1- and PGA2-knockdown transgenic plants
demonstrated two distinct phenotypes. First, the
PGA1-knockdown plants (pKT226-20, -35, -45, and -67)
and the PGA2-knockdown plants (pKT227-9, -28, -45,
and -59) produced abnormal flowers that were sterile
(Fig. 6, A–C). Flower initiation in these plants seemed
normal, but development stopped and the flowers
withered. The knockdown transgenic plants pro-
duced no pollen and were thus infertile. The alter-
native series of PGA1-knockdown lines constructed
with another silencing region from the PGA1 gene
(pga1-2; pKT249-6, -11, and -20; Supplemental Figs.
S1 and S3D) showed the same phenotype. The second
distinctive phenotype was that the tubers of the
PGA1- and PGA2-knockdown transgenic plants
could not sprout without treatment. Sprouting initi-
ates normally, but the sprout clusters did not grow
even after more than 3 months at 20°C or for 1 year at
4°C after the cessation of usual dormancy in the
control plants (Fig. 6, D–H). Interestingly, the sprout
clusters could grow after the tubers were planted in
soil (Fig. 6G) but not in water. Two independent se-
ries of PGA1-knockdown lines constructed with two
different regions in the PGA1 gene (pKT226 lines and
pKT249 lines; Supplemental Fig. S1) showed the same
phenotype. We confirmed the reproducibility of the
nonsprouting tuber phenotype three times for the
PGA1-knockdown plants, pKT226 lines, and twice for
the PGA2-knockdown plants, pKT227 lines, dur-
ing different growing seasons. After placing excised
sprout tips on tissue culture media, the sprouts could
also grow (Supplemental Fig. S7), suggesting that the
sprout clusters were still alive and had only stopped
growing.

DISCUSSION

PGA1 and PGA2 Catalyze Hydroxylation Steps from CHR

SGAs were initially proposed to be biosynthesized
fromCHR (Heftmann 1983), and only recently the CHR
synthase gene, SSR2, has been identified and found to
be necessary for SGA biosynthesis (Sawai et al., 2014).
Our in vitro enzymatic activity assay results demon-
strated that PGA2 and PGA1 catalyze C-22 hydroxyl-
ation and C-26 hydroxylation, respectively. The results
were clearly supported by analysis of the compounds
that accumulated in the PGA-knockdown plants. PGA1
and PGA2 catalyze early hydroxylation steps in the
SGA biosynthetic pathway (Fig. 4). In the biosynthetic
and catabolic pathways for brassinosteroid plant
hormones, the C-22 hydroxylase and the C-26
hydroxylase are encoded by different genes; for
example, in Arabidopsis (Arabidopsis thaliana), DWF4
and BAS1 belong to the CYP90B and CYP734A
subfamilies, respectively (Ohnishi et al., 2009). In
tomato (Solanum lycopersicum), CYP90B2 was pre-
viously reported to be a C-22 hydroxylase (Ohnishi
et al., 2006b). The likely orthologs were found in the
potato genome (CYP90B, PGSC0003DMG400014902;
CYP734A, PGSC0003DMG400001060; Xu et al., 2011).
PGA1 and PGA2 belong to the CYP72A subfamily, in-
dicating that the SGA biosynthetic pathway evolved
independently from the brassinosteroid biosynthetic
pathway. The CYP72A subfamily contains many CYPs
that have not been characterized yet, although some
CYP72As appear to function in secondary metabolism
(Seki et al., 2011; Fukushima et al., 2013). Of CYP genes,
the expressed sequence tags of PGA1 and PGA2 were
most observed both in flowers and tuber sprouts.
We found 13 other candidate CYP genes relatively
expressed in the tissues using the expression database
(https://solgenomics.net/) and made the knockdown

Figure 4. Proposed pathways for SGA biosynthesis catalyzed by PGA1 and PGA2. Compounds that accumulated in the PGA1-
knockdown plants (red circles) and the PGA2-knockdown plants (light blue circles) are shown. Solid arrows are indicated as
metabolite flows of PGA1 (red) and PGA2 (light blue). Dashed and gray arrows are putative. OH-CHR, hydroxycholesterol.
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transgenic plants (Supplemental Table S1). Except for
the transgenic plants decreasing expression of CYP88B1,
the other transformants did not demonstrate decrease of
SGA contents (see below; Umemoto and Sasaki, 2013).
However, the recombinant CYP88B1 produced in insect
cells did not exhibit the C-16 hydroxylation activity.
These results suggested that CYP88B1 should mediate
the remaining oxidation step in the SGA biosynthetic
pathway.

Recently, 10 tomato genes involved in the SGA path-
way were reported using comparative coexpression
analysis coupled with chemical profiling and gene
cluster analysis (Itkin et al., 2013). GAME4 encoding
CYP88B1 was reported to be involved in the SGA
pathway after construction and analysis of the corre-
sponding knockdown potato (Itkin et al., 2013), but the
function and enzyme activity of the gene have not
been identified yet. Two other tomato candidate genes
(GAME8 and GAME6), the functions of which have
not been analyzed in detail, are orthologous to po-
tato PGA1 and PGA2, respectively. GAME8 was also
reported to be a wound-inducible gene (Bartoszewski
et al., 2000) coincident with inducing SGA accumula-
tion by mechanical injury (Valkonen et al., 1996). The

Figure 5. In vitro oxidation of 22-OH-CHR and CHR by PGA1 and
PGA2 expressed in insect cells, respectively. A, GC-MS analysis (TIC) of
the reaction products from an in vitro assay containing 22-OH-CHRs as
substrates and microsomal fractions isolated from PGA1-expressing Sf9
cells, respectively. Arrows indicate products (Rt = 21.4 and 21.3 min)
using 22R-OH-CHR and 22S-OH-CHR, respectively. The later peak is
coincident with that of authentic 22S,(25S)26-diOH-CHR. B, GC-MS
analysis (TIC) of the reaction products from an in vitro assay containing
CHR as substrates and microsomal fractions isolated from PGA2-
expressing Sf9 cells, respectively. Enlargements of the chromatograms
corresponding to the same retention times as the original are indicated
in the inserts. Arrows indicate products using CHR as the substrate. The
peaks are coincident with those of authentic 22S-OH-CHR and 22R-
OH-CHR. Mass spectra of these reaction products are shown in
Supplemental Figure S6.

Figure 6. Phenotypes of the PGA1- and PGA2-knockdown plants. A,
Flowers of the control plant. B, Flowers of the PGA1-knockdown plant
(pKT226-35). C, Flowers of the PGA2-knockdown plant (pKT227-45). D,
Sprouted potatoes of the PGA1-knockdown plant (pKT226-67, left) and
control (right) 2weeks after the cessationof plant dormancy in the control.
E and F, Sprouted potatoes of the PGA1-knockdown plant (pKT226-67; E)
and the PGA2-knockdown plant (pKT227-45; F) 3 months and 2 months
after the cessation of plant dormancy in the control, respectively. G,
Sprouted potatoes of the PGA1-knockdown plant (pKT226-67) 3 weeks
after being planted into soil. The sprouted plants grew normally.
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PGA2 gene is in a gene cluster on chromosome 7 (Itkin
et al., 2013; Cárdenas et al., 2015), but the PGA1 genes
are tandemly located on chromosome 6 of S. tuberosum
Group Phureja DM1-3 (Xu et al., 2011), not in a spe-
cialized gene cluster for metabolism as described
(Nützmann and Osbourn, 2014). As the SSR2 gene is
also located on chromosome 2 (Sawai et al., 2014),
specialized gene clusters for the SGA biosynthesis are
though not to be complete.

The Phenotype of PGA1- and PGA2-Knockdown
Transgenic Potato Plants

Transgenic potatoes in which either the PGA1 or
PGA2 genes were silenced contained significantly less
SGA; however, the knockdown plants grew normally
in the vegetative stages and produced yields of tubers
in the greenhouse similar to control plants. These re-
sults suggest that SGAs may be dispensable to the
growth of potato, at least under unstressed condi-
tions. The results are coincident with that of GAME4-
knockdown transgenic potato (Itkin et al., 2013;
Umemoto and Sasaki, 2013) and those of SSR2-
knockdown and SSR2-disrupted potatoes (Sawai et al.,
2014). Characterization of the inheritance of specific
SGAs and SGA content has been limited, despite the
importance of these phytochemicals (Valkonen et al.,
1996; Ginzberg et al., 2009; Manrique-Carpintero et al.,
2014). The SGA content of most commercial varieties of
potato tubers is well below the human safety limit
(200 mg/kg fresh weight), and a high SGA content is
frequently associated with the introduction of wild
germplasm to the breeding program (Sinden et al.,
1984). Our results open the way for breeding of SGA-
free potatoes. Using recombinant gene techniques, the
PGA1- and PGA2-knockdown plants contained signif-
icantly less SGA. As an alternative to transgenic tech-
nology, functionless mutants can also be obtained from
mutation breeding, using such techniques as TILLING
(targeting induced local lesions in genome; Elias et al.,
2009) and genome editing techniques (Sawai et al.,
2014; Nicolia et al., 2015).

The above-described reports about GAME4- and
SSR2-suppressed or disrupted potatoes indicated that
these plants were phenotypically identical to control
plants, although the plants had significantly lower SGA
contents. These findings imply that SGAs are dis-
pensable for flowering and sprouting morphogenesis;
however, the PGA1- and PGA2-knockdown plants
were sterile and the sprout clusters did not grow. For
the PGA1-knockdown plants, two independent series
of silenced lines (pga1-1 and pga1-2) were constructed
using different silencing regions (Supplemental Fig. S2)
and both lines had the same phenotype, further
strengthening the hypothesis that SGA biosynthesis
and sprouting are somehow associated. We obtained
tomato transgenic plants in which the PGA1-orthologous
gene and PGA2-orthologous gene were silenced and
found that the transgenic plants had lower levels of the

predominant tomato SGA, a-tomatine (Supplemental
Fig. S8). Both of the knockdown tomato lines exhibited
retarded growth, dwarfing, abnormal flowers, and
sterility (Supplemental Fig. S8, A–C). The transgenic
tomato plants did not produce any fruit. These more
severe growth phenotypes are similar to those of
transgenic tomatoes that suppressed GAME1 (Itkin
et al., 2011). The tomato SGA biosynthetic gene
GAME1 encodes tomatidine galactosyltransferase
and is orthologous to potato SGT1 and the GAME1-
suppressed plants formed small flower buds, sug-
gesting a potential influence on glycoalkaloid me-
tabolism. The PGA1- and PGA2-knockdown plants
might accumulate morphogenesis inhibitors that can
be removed by planting tubers in soil. This hypothesis
is supported by the observation that floral and sprout
tissues contain the greatest levels of SGAs (Kozukue
and Mizuno, 1985, 1989; Ginzberg et al., 2009). Unpal-
atable secondary metabolites found in wild species
such as capsaicin from bell pepper and cucurbitacins
from cucumber (Cucumis sativus) were often lost during
domestication as demonstrated by characterizing the
responsible genes (Stewart et al., 2005; Shang et al.,
2014). The transgenic potato sprouting and sterility
phenotypes may interfere with the domestication of
wild potato without SGAs.

Expectation of Improvement of Potato Storage

Unlike cereal seeds, sprouting of potato tubers must
be initiated following a period of dormancy. Producers
can treat stored potatoes with chemicals to prevent the
growth of potato eyes or buds in some nations, but
long-term storage is another economically important
aspect of the potato industry, especially for the pro-
cessing of chips and frozen foods (Korpan et al., 2004;
Sonnewald, 2001). No triggers for tuber sprouting have
been identified so far although tuber sprouting was
hypothesized to be controlled by physiological, hor-
monal, and environmental factors (Sonnewald and
Sonnewald, 2014). The cessation of tuber sprouting that
the PGA1- and PGA2-knockdown plants demonstrated
seems not to prolong the length of dormancy. Trans-
genes related to carbohydrate metabolism (Hajirezaei
and Sonnewald, 1999; Hajirezaei et al., 2003; Debast
et al., 2011) or plant hormone cytokinin catabolism
(Hartmann et al., 2011) delayed or inhibited tuber
sprouting, but controllable tuber sprouting during at
least the first year has not been observed in the trans-
genic plants. Harvested tubers of the PGA1- and PGA2-
knockdown never sprouted, but it is noteworthy that
the sprout clusters of the knockdown plants began to
grow when placed in soil (Fig. 6G). There are no
reported relationships between SGA biosynthesis and
tuber sprouting. The new phenotype reported here is
not understood completely but offers the possibility
that potato storage could be controlled without the use
of postharvest chemicals by introducing defects in gene
function.
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MATERIALS AND METHODS

Chemicals

Authentic samples of a-solanine, a-chaconine, a-tomatine, and the two
22-hydroxycholesterols were purchased from Sigma-Aldrich. CHR was pur-
chased from Tama Biochemical Co. The two 26-hydroxycholesterols and 22S,
(25S)26-dihydroxycholesterol were kindly provided by A. Yoshimoto and
B. Watanabe, respectively. A list of the primer sets used to generate these
constructs is shown in Supplemental Table S1.

Cloning of PGA1 and PGA2 cDNAs

The potato cDNA templatewas prepared frommRNA isolated from sprouts
of Solanum tuberosum cv Sassy using an RNeasy plant kit (Qiagen) and Super-
Script first-strand synthesis system for RT-PCR (Life Technologies). Transcripts
corresponding to the PGA1 and PGA2 genes were amplified with primer sets
U841/U842 and U875/U876 designed from the potato unigene sequences
(TC135549 and TC141445 in the Potato Gene Index database, respectively). The
PCR products of PGA1 and PGA2 were cloned into the pCR4-TOPO plasmid
(Life Technologies).

Gene-Silenced Potatoes

In vitro grown plants were cultured at 20°C under a 16-h-light/8-h-dark
condition. Plants were grown in a greenhouse under long-day conditions to
analyze their flowering and tuberization. Gene-knockdown potatoes were
generated by RNAi with Agrobacterium tumefaciens-mediated transformation of
tuber discs obtained from cv Sassy (Momma 1990). The control vector, pKT19,
for vector-transgenic plants in Figure 2 was generated by inserting the GUS
gene into the pBin19 (Frisch et al., 1995)-based binary vector (Umemoto et al.,
2001) between the Cauliflower mosaic virus 35S promoter and the nopaline
synthase terminator. To silence the transcripts, potato plants were transformed
with RNAi constructs designed from the protein-coding regions of the genes.
The amplification products were cloned into the pCR4-TOPO plasmid. The
RNAi targeting PGA1 was constructed as follows. A 372-bp fragment of PGA1
cDNA that did not match over consecutive 10 nucleotides with PGA2was PCR
amplified using primer set U724/U725. The fragments were inserted in oppo-
site orientations with the intron of the Arabidopsis (Arabidopsis thaliana) PDS
gene (Masclaux et al., 2004) by XbaI/SacI digestion into the pKT19 vector,
substituting for the GUS gene, under the control of the 35S promoter in the
T-DNA region to produce the RNAi binary vector pKT226 (Supplemental Fig.
S1). Two RNAi binary vectors were constructed similarly; pKT249 targeted
another region of the PGA1 gene, and pKT227 targeted PGA2. A 402-bp frag-
ment of PGA1 cDNA was PCR amplified using primer set U869/U870. A
325-bp fragment of PGA2 cDNA was PCR amplified using primer set
U726/U727. The stem regions of the PGA1- or PGA2-knockdown constructs
(Supplemental Fig. S1) do not contain more than 10 oligonucleotides coincident
with the other construct. Transgenic potato plants carrying the pKT19 (vector-
transgenic), pKT226 (pga1-1 RNAi), pKT249 (pga1-2 RNAi), and pKT226 (pga2
RNAi) constructs were generated using A. tumefaciens GV3101 pMP90 cells.
Transformants were individually selected by genomic PCR of the potato shoots
with primer set NP2/NP3 targeting the kanamycin resistance gene in the T-DNA
region integrated into the potato genome. Tomatoes (Solanum lycopersicum cv
Micro-Tom) were transformed using A. tumefaciensGV3101 pMP90 cells with
pKT226 and pKT227 as previously reported (Sun et al., 2006). Integration of
the T-DNA region into tomato genomic DNA was investigated by genomic
PCR of the tomato leaves targeting the kanamycin resistance gene on the
T-DNA region integrated into the tomato genome. Sprout tips cut from tubers
of the PGA1-knockdown plants were placed on tissue culture media
(Murashige and Skoog, 1962) without plant hormones. The vectors targeting
other candidate genes were constructed using primer sets as shown in
Supplemental Table S2.

Quantitative RT-PCR

Quantitative RT-PCR analysis of PGA1, PGA2, and the EF1a control (Nicot
et al., 2005) was carried out using primer sets as listed in Supplemental Table S2.
Total RNA prepared from shoots of five independent lines of in vitro-cultured
plants. The cDNA templates were prepared as described above and amplified
using LightCycler Nano (Roche) with GeneAce SYBR qPCRMix alpha No ROX
(Nippon Gene). Each assay was repeated three times.

In Vitro Enzyme Activity Assay

The in vitro enzyme activity assays with homogenates of insect cells
expressing PGAswere conducted as previously reported (Ohnishi et al., 2006a).
PGA1 and PGA2 cDNAs were cloned into the pDEST8 vector (Life Technolo-
gies) and were then used to generate the corresponding recombinant Bacmid
DNAs by transforming Escherichia coli DH10Bac (Life Technologies). Prepara-
tion of the recombinant baculovirus DNAs that contained PGA1 and PGA2
cDNAs and transfection of Spodoptera frugiperda 9 insect cells were carried out
according to the manufacturer’s instructions (Life Technologies). Heterologous
expression of PGA1 and PGA2 proteins in the insect cells and spectrometric
analyses were performed as described (Saito et al., 2004).

Microsomal fractions of the insect cells expressing PGA1 and PGA2 were
obtained from the infected cells (100 mL of suspension cultured cells). Infected
cellswerewashedwithPBSbuffer andsuspended inbufferAconsistingof 20mM

potassium phosphate (pH 7.25), 20% (v/v) glycerol, 1 mM EDTA, and 1 mM

DTT. The cells were sonicated and cell debris was removed by centrifugation at
10,000g for 15 min. The pellet was homogenized with buffer A to provide the
microsomal fractions. The microsomal fractions were stored at –80°C before
the enzyme assays. PGA1 and PGA2 activities were reconstituted bymixing the
PGA1 and PGA2-containing microsomes with purified Arabidopsis NADPH-
P450 reductase (Mizutani and Ohta, 1998). The reaction mixture consisted of
100mM potassium phosphate, pH 7.25, 50 pmol/mL recombinant P450 protein,
0.1 unit/mL NADPH-P450 reductase, 1 mM NADPH, and 25 mM of substrate
sterols. Reactions were initiated by addition of NADPH and were performed at
30°C for 3 h. The reaction products were extracted three times with an equal
volume of ethyl acetate. The organic phase was collected and evaporated. The
residue was trimethylsilylated withN-methyl-N-trimethylsilyltrifluoroacetamide
at 80°C for 30 min. GC-MS was conducted using a GC-MS-QP2010 Ultra
(Shimadzu) with a DB-1ms capillary column (30 m 3 0.25 mm, 0.25 mm film
thickness; J&W Scientific) to analyze the PGA1 reaction products and with a
DB-5ms capillary column (30 m 3 0.25 mm, 0.25 mm film thickness; J&W Scien-
tific) to analyze the PGA2 reactionproducts. The injection temperaturewas 250°C.
The column temperature program for analysis of the PGA1 reaction products
was as follows: 80°C for 1 min, followed by a rise to 300°C at a rate of 20°Cmin21,
and a hold at 300°C for 20 min. The column temperature program for analysis of
the PGA2 reaction products was as follows: 180°C for 1 min, followed by a rise to
280°C at a rate of 20°C min21, followed by a rise to 300°C at a rate of 2°C min21,
and a hold at 300°C for 20 min. The carrier gas was He, and the flow rate was
1.0 mL min21; the interface temperature was 280°C with a splitless injection.

LC-MS Analysis of a-Chaconine, a-Solanine,
and a-Tomatine

Extractions and LC-MS (liquid chromatography-mass spectrometry)
analyses of the plant materials were performed as previously described with
minor modifications (Sasaki, 2011). Fresh plant materials (100 mg) were ho-
mogenized with a mixer mill at 4°C in a 1 mL solution containing 80% (v/v)
methanol and 0.1% (v/v) formic acid containing 10 mg brassinolide as an in-
ternal standard. After centrifugation, 25 mL of supernatant was diluted with
475mL 0.1% (v/v) formic acid solution and filteredwith aMultiScreen Solvinert
(Millipore). An aliquot (10 mL) was analyzed by LC-MS using 10 mM ammo-
nium hydrogen carbonate in water (pH 10):acetonitrile (2:3, v/v) as eluent at a
flow rate of 0.2 mL min21 at 40°C. LC-MS was performed with a Shimadzu
LCMS-2010EV apparatus operating in ESI mode attached to an XBridge Shield
RP18-5 column (150 mm 3 2.1 mm i.d.; Waters). Quantifications of a-solanine
and a-chaconine were calculated from the ratio of peak area atm/z 868 and 852,
and 1034 of positive ion scans using a calibration curve of authentic samples
(coefficients of determination: r2. 0.999), respectively. The total SGA content of
potato is the sum of the a-solanine and a-chaconine contents.

Extraction and GC-MS analysis for steroids

In vitro shoots (starting volume: 5 mL) were extracted, and GC-MS
analyses were conducted with the same conditions as described previously
(Choi et al., 2014). Peaks were identified by comparing the Rts and mass
spectra with those of the authentic standards.

Accession Numbers

The GenBank/EMBL/DDBJ accession numbers for PGA1 and PGA2 are
AB839752 and AB839753, respectively.
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