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Steroidal glycoalkaloids (SGAs) are toxic specialized metabolites that are found in the Solanaceae. Potato (Solanum tuberosuni)
contains the SGAs a-solanine and a-chaconine, while tomato (Solanum lycopersicum) contains a-tomatine, all of which are
biosynthesized from cholesterol. However, although two cytochrome P450 monooxygenases that catalyze the 22- and
26-hydroxylation of cholesterol have been identified, the 16-hydroxylase remains unknown. Feeding with deuterium-labeled
cholesterol indicated that the 16a- and 168-hydrogen atoms of cholesterol were eliminated to form a-solanine and a-chaconine
in potato, while only the 16a-hydrogen atom was eliminated in a-tomatine biosynthesis, suggesting that a single oxidation at C-16
takes place during tomato SGA biosynthesis while a two-step oxidation occurs in potato. Here, we show that a 2-oxoglutarate-
dependent dioxygenase, designated as 16DOX, is involved in SGA biosynthesis. We found that the transcript of potato 16D0OX
(5t16DOX) was expressed at high levels in the tuber sprouts, where large amounts of SGAs are accumulated. Biochemical analysis
of the recombinant St16DOX protein revealed that St16DOX catalyzes the 16a-hydroxylation of hydroxycholesterols and that (225)-
22,26-dihydroxycholesterol was the best substrate among the nine compounds tested. St16DOX-silenced potato plants contained
significantly lower levels of SGAs, and a detailed metabolite analysis revealed that they accumulated the glycosides of (225)-22,26-
dihydroxycholesterol. Analysis of the tomato 16DOX (SI16DOX) gene gave essentially the same results. These findings clearly
indicate that 16DOX is a steroid 16a-hydroxylase that functions in the SGA biosynthetic pathway. Furthermore, St16 DOX silencing
did not affect potato tuber yield, indicating that 76DOX may be a suitable target for controlling toxic SGA levels in potato.

Steroidal glycoalkaloids (SGAs) are typically found
in plants in the family Solanaceae (Harrison, 1990;
Petersen et al., 1993; Helmut, 1998). In particular, potato
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(Solanum tuberosum) is known to contain the SGAs
a-solanine and a-chaconine, while tomato (Solanum
lycopersicum) contains a-tomatine, which are toxic to
fungi, bacteria, insects, animals, and humans (Friedman,
2002, 2006). The mechanisms of toxicity include the
disruption of membranes and the inhibition of acetyl-
choline esterase activity (Roddick, 1989). a-Solanine and
a-chaconine occur in most tissues of potato plants, but
they are present at particularly high levels in floral and
tuber sprout tissues (Kozukue and Mizuno, 1985, 1989;
Ginzberg et al., 2009). Therefore, since these potato SGAs
are toxic and cause a bitter taste, controlling their content
in potato tubers is an important focus of potato breeding
(Friedman, 2006). Similarly, a-tomatine exists in all to-
mato plant tissues, but it is richly accumulated in the
leaves and immature fruit, with its content decreasing
during fruit ripening (Friedman, 2002).

SGAs are composed of C,, steroids with an oligo-
saccharide at the hydroxy group at the C-3 position
(Friedman, 2002, 2006). In a-solanine and a-chaconine
in potato, the oligosaccharides solatriose and chacotriose
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are attached to the C-3 hydroxy group of solanidine,
which is a solanidane-type aglycone; similarly, in
a-tomatine in tomato, lycotetraose is linked to the C-3
hydroxy group of tomatidine, which is spirosolane-type
aglycone. These SGAs are biosynthesized from choles-
terol (Sawai et al., 2014), which is modified subsequently
via oxidation at the C-16, C-22, and C-26 positions, am-
ination at the C-26 position, and glycosylation at the C-3
hydroxy group (Petersen et al., 1993; Friedman, 2002;
Ginzberg et al., 2009; Ohyama et al., 2013). Cytochrome
P450 monooxygenases (CYPs) are likely involved in the
oxidative modification of cholesterol, while a transaminase
catalyzes the amination at C-26, and UDP-dependent gly-
cosyltransferases (UGTs) also function in the glycosylation
at the C-3 hydroxy group (Fig. 1). Some UGTs have now
been identified as the enzymes that are involved in the
glycosylation steps for SGA biosynthesis (Moehs et al.,
1997; McCue et al., 2005, 2006, 2007; Itkin et al., 2011). Itkin
etal. (2013) reported that several genes that are involved in
the SGA biosynthetic pathways exist as gene clusters on
chromosomes 7 and 12 in the genomes of tomato and
potato. In addition, sterol side chain reductase2 (SSR2)
has been identified as a gene that is committed to cho-
lesterol biosynthesis and involved in SGA production
(Sawai et al., 2014). However, the genes that are involved
in the later steps of the SGA biosynthetic pathways remain
to be completely elucidated.

CYPs are heme-thiolate membrane proteins that are
generally bound to the cytoplasmic surface of the en-
doplasmic reticulum and are known to be involved in
the oxidation steps during the metabolism of various
plant natural products. A number of CYPs have been
reported to catalyze the oxidation of triterpene skele-
tons, such as oleanane, lupine, ursane, and dammarane
types (Moses et al., 2014; Seki et al., 2015). In addition,
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several CYP genes have been identified as being re-
sponsible for the oxidation of the steroid backbone in
the biosynthesis and catabolism of brassinosteroids,
which are plant steroid hormones (Ohnishi et al., 2009).
Therefore, we previously investigated SGA biosynthe-
sis in potato and tomato by selecting several CYP genes
that show high expression in SGA-rich organs as can-
didate oxidases of cholesterol using the public EST
databases of potato and tomato. This showed that two
CYPs (PGA1/CYP72A208 and PGA2/CYP72A188) are
involved in the hydroxylation of cholesterol at the C-26
and C-22 positions (Umemoto et al., 2016). In addition,
another CYP (PGA3/GAME4/CYP88B1) also was iden-
tified as being involved in SGA biosynthesis, but its
catalytic function remains unknown (Itkin et al., 2013;
Umemoto and Sasaki, 2013). We were unable to find a
C-16 hydroxylase among the candidate CYPs, however.

The 2-oxoglutarate-dependent dioxygenase (20GD)
superfamily is the second largest enzyme family, fol-
lowing the CYP superfamily, in the plant genome (Kawai
et al., 2014). 20GDs are nonheme iron-containing pro-
teins that localize in the cytosol as soluble proteins. Many
20GDs play crucial roles in the oxidation steps in the
biosynthesis of diverse specialized metabolites such as
flavonoids and phytohormones (Kawai et al., 2014).
However, unlike CYPs, no 20GDs have been identified
as being involved in the biosynthesis of triterpenoids and
steroids to date. Here, we characterized the 20GD gene
named 16DOX and found that it is involved in SGA bio-
synthesis. The 16DOX gene was coexpressed with the
previously identified SGA biosynthetic genes in potato
and tomato, and the 16DOX protein was found to cata-
lyze the hydroxylation of cholesterol at the C-16c posi-
tion. Furthermore, 16DOX silencing in transgenic potato
plants led to significantly reduced endogenous SGA
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Figure 1. Putative biosynthetic pathway for SGAs in potato and tomato. The thick solid arrow indicates the reaction step char-
acterized in this work. Thin solid arrows indicate the reaction steps reported by Umemoto et al. (2016). White arrows represent

multiple reaction stages.
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levels and the suppression of potato tuber sprouting,
which are similar to the phenotypes observed in PGA1-
and PGA2-silenced plants (Umemoto et al., 2016).
Thus, to our knowledge, 16 DOX is the first 20GD to be
identified as functioning as a steroid 16a-hydroxylase
involved in SGA biosynthesis.

RESULTS

SGA Analysis of Potato Shoots and Tomato Seedlings Fed
with Stable Isotope-Labeled Compounds

To examine the fates of hydrogen atoms at the C-16
position during SGA biosynthesis in potato shoots and
tomato seedlings, we conducted feeding experiments
using three kinds of stable isotope-labeled compounds:
[15,15,16a,17a 2H4]cholesterol [15,15,168,17a-*H,]cholesterol,
and [15,15,17a- H3]cholesterol The accumulated SGAs
in the harvested shoots and seedlings were extracted
and analyzed by liquid chromatography-mass spec-
trometry (LC-MS; Fig. 2). In the case of potato shoots,
labeled a-solanine and a-chaconine were detected by
monitoring the mass-to-charge ratio (1/z) 871 and 855 ions
[M+H]", respectively (Fig. 2, A-F), while nonlabeled
a-solanine and a-chaconine were detected by monitoring
the m/z 868 and 852 ions [M+H]", respectively, in shoots
that were fed with the three labeled cholesterols. These
results indicate that the 15- and 17-hydrogens of cholesterol
were retained but both hydrogens at the 16« and 168 po-
sitions were eliminated in the process of potato SGA bio-
synthesis. In the case of tomato seedlings, labeled
a-tomatine was detected by monitoring the 1/z 1,037 ion
[M+H]" (Fig. 2, G and H), while nonlabeled a-tomatine
was detected by monitoring the m/z 1,034 i ion [M+H]" in
seedlings that were fed with [15,15,16,17a-"H,]cholesterol
and [15,15, 17a ’H sJcholesterol. By contrast, when
[15,15,168,17a- H4]Cholesterol was administered, labeled

a-tomatine was detected by monitoring the /z 1,038 ion
[M+H]" (Fig. 2I), which is one mass hlgher than the
results obtalned with [15,15,168,17 - H4]cholesterol
and [15,15,17a- H3]Cholesterol These results indicate
that 168-hydrogen was retained but 16a-hydrogen
was eliminated in tomato SGA biosynthesis. These re-
sults are consistent with the previous observation
reported by Canonica et al. (1977). Taken together,
these findings suggest that oxidation (dehydrogena-
tion) occurs at both the C-16a and C-168 positions in
potato and at the C-16« position in tomato during SGA
biosynthesis.

Identification of the Candidate 16DOX Gene in Potato
and Tomato

To identify the candidate genes that are involved in the
oxidative modification of cholesterol for SGA biosyn-
thesis, we surveyed several enzyme superfamilies that
are included in the EST databases of potato from the
DEFCI Plant Gene Indices (http://compbio.dfci-harvard.
edu/tgi/) and the tomato databases from MiBASE
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(http:/ /www.pgb.kazusa.or.jp/mibase/) and Sol Ge-
nomics (http://solgenomics.net). We initially selected
CYP genes based on the correlation between the read
numbers of the EST contigs and the tissue-specific accu-
mulation of SGAs in potato and tomato. This led to the
identification of the CYPs PGA1 (Sotub06g021140,
CYP72A208) and PGA2 (Sotub07g016580, CYP72A188)
as a steroid 26-hydroxylase and a steroid 22-hydroxylase,
respectively, for potato SGA biosynthesis (Umemoto
et al., 2016). However, we were unable to identify a
16-hydroxylase among the candidate CYPs. The 20GD
superfamily also is associated with the oxygenation re-
actions of various specialized metabolites (Kawai et al.,
2014). Therefore, we surveyed the unigenes encoding
20GDs from the potato database as a second focus.

A total of 256 20GD transcripts were extracted by
BLASTX search of nucleotide sequences of all transcript
sequences obtained from the Spud DB potato genomics
resource (http://solanaceae.plantbiology.msu.edu/)
against protein sequences of 130 20GDs from Arabi-
dopsis (Arabidopsis thaliana; Kawai et al., 2014). One
of the 20GD transcripts (PGSC0003DMT400030676)
showed the highest fragments per kilobase of exon per
million mapped fragments (FPKM) value in tuber
sprout among the 256 20GD transcripts in RNA-Seq Gene
Expression Data obtained from Spud DB (Supplemental
Table S1), and we selected the transcript as a candidate
gene encoding a 16-hydroxylase, which was desig-
nated as St16DOX. Quantitative reverse transcription
(RT)-PCR analysis showed that potato St16DOX was
highly expressed in the tuber sprouts (Fig. 3), where
large amounts of SGAs are accumulated (Friedman
and Dao, 1992; Smith et al., 1996; Milner et al., 2011).
BLAST searches against the genome databases of Solanum
spp. (http://solgenomics.net) showed that St16DOX is
identical to Sotub07g016570 in the Potato ITAG protein
database and shows 93% amino acid identity to tomato
Solyc07g043420 (designated as SI16DOX) in the Tomato
ITAG protein database. Tomato SI16DOX was highly
expressed in flowers, which accumulate large amounts of
a-tomatine (Supplemental Fig. S1). These results suggest
that 16DOX genes are a candidate for 16-hydroxylase in
SGA biosynthesis (Fig. 3; Supplemental Fig. S1).

In a recent phylogenetic classification of the plant
20GD superfamily (Kawai et al., 2014), 16DOXs were
found to belong to clade DOXC41, which includes
hyoscyamine 68-hydroxylase (H6H), which is involved
in the biosynthesis of the tropane alkaloid scopolamine
(Matsuda et al., 1991). The 16DOXs share around 44%
amino acid sequence identity with H6H in Hyoscyamus
niger and contain several sequence motifs that are highly
conserved among 20GDs (Supplemental Fig. S2). The
St16DOX and SI16DOX proteins contain the Fe(II)-binding
motif His-X-Asp-X -His (His-217, Asp-219, and His-272 in
16DOX), which is conserved in the 20GD superfamily
(Lukacin and Britsch, 1997; Wilmouth et al., 2002; Bugg,
2003). The Arg-X-Ser motif (Arg-282 and Ser-284), which
binds to the C-5 carboxy group of 2-oxoglutarate, also is
conserved in the 16DOX proteins (Lukacin et al., 2000;
Wilmouth et al., 2002).

Plant Physiol. Vol. 175, 2017
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Figure 2. LC-MS analysis of SGAs upon feeding stable isotope-labeled compounds to in vitro-grown potato shoots and tomato
seedlings. The two traces on the left are mass chromatograms for the indicated m/z ions. The mass spectrum on the right was
obtained at the retention time indicated by the arrow. Plants were fed with [15,15,17a-2H3]choIesterol (A-C), [15,15,16«,
17a—2H4]cholestero] (D-F), or [15,15,163,17a—2H4]cho|estero| (G-I). A, D, and G, LC-MS analysis of a-chaconine in potato
shoots. B, E, and H, LC-MS analysis of a-solanine in potato shoots. C, F, and I, LC-MS analysis of a-tomatine in tomato seedlings.

In Vitro Functional Analysis of the Recombinant
16DOX Protein

To investigate the catalytic functions of 16DOX,
recombinant St16DOX protein was prepared with a
bacterial expression system in Escherichia coli and an
in vitro enzyme assay was performed with (225)-22-
hydroxycholesterol as a substrate. The reaction pro-
ducts were analyzed using gas chromatography-mass
spectrometry (GC-MS). St16DOX metabolized (225)-22-
hydroxycholesterol to a product with a retention time of
20 min and a major mass fragment ion at m/z 173 (Fig. 4).
This product was identical to the authentic compound
(225)-16a,22-dihydroxycholesterol in terms of both the
retention time and the mass spectrum but different from
the authentic compound (225)-163,22-dihydroxycholesterol,

Plant Physiol. Vol. 175, 2017

indicating that St16DOX catalyzes the 16-hydroxylation
of (225)-22-hydroxycholesterol specifically in the 16«
configuration. The catalytic activity of tomato SI16DOX
was consistent with that of St16DOX (Fig. 4).

We next determined the substrate specificity of
St16DOX toward cholesterol and several oxygenated
cholesterols (Fig. 5). St16DOX showed the highest ac-
tivity toward (225,255)-22,26-dihydroxycholesterol,
reaching a rate that was approximately 50 times
higher than that with (22S5)-22-hydroxycholesterol
(Fig. 5; Supplemental Fig. 53). LC-MS analysis showed
a fragment ion at m/z 435 in the product, which corre-
sponds with the deduced parent ion of 16,22,26-
trihydroxycholesterol (Supplemental Fig. S4). St16DOX
weakly metabolized (22R)-22-hydroxycholesterol to a new
product (Supplemental Fig. S5), but the structure of the
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Figure 3. Quantitative RT-PCR analysis of the expression patterns of SGA biosynthetic genes in various organs of potato plants.
Transcript levels of SGA biosynthetic genes are shown relative to that of EFTa as an internal reference gene. Error bars indicate sp (n = 3).

metabolite was unknown. By contrast, the assays with
the other substrates did not give any product peaks. In
terms of kinetic parameters, the K, value for St16DOX
toward (225,255)-22,26-dihydroxycholesterol was de-
termined to be 4.19 * 0.17 uM (Supplemental Fig. 56).
These results strongly suggest that St16DOX functions as a
16a-hydroxylase of (225,255)-22,26-dihydroxycholesterol
in SGA biosynthesis.

SGA Analysis of St16DOX-Silenced Transgenic
Potato Plants

To confirm the contribution of St16DOX to SGA
biosynthesis in potato, we transformed potato plants
with an RNA interference vector to create St16DOX-
silenced transgenic potato plants. Among 41 lines of
S5t16DOX-silenced transgenic plants, the in vitro-grown

124

shoots of five independent lines (#15, #16, #28, #39, and
#41; Fig. 6) had significantly lower St16DOX transcript
levels than the control (Fig. 6A) and consistently had a
much lower SGA content (Fig. 6B). All of the silenced
lines grew normally in a greenhouse, and the potato
tubers were harvested. The SGA contents in the tuber
peel and cortex of the five silenced lines were signifi-
cantly lower than in the control (Fig. 6, C and D), in-
dicating that St16DOX is involved in SGA biosynthesis
in potato. Similarly, the SGA contents in SI16DOX-
silenced transgenic tomato plants also were severely
reduced (Supplemental Fig. S57).

Phenotype of St16DOX-Silenced Transgenic Potato Plants

The 5t16DOX-silenced transgenic potato plants had
similar tuber yields to the control (Fig. 6E); however,
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the tuber sprouts of these plants stopped elongation
under dark and light conditions. Although sprout ini-
tiation seemed to be normal, the sprouts did not grow
even after more than 3 months at 20°C or for a 1 year at
4°C after the cessation of usual dormancy in the control
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Figure 4. GC-MS analysis of the re-
action products from the recombinant
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plants (Supplemental Fig. S8A). Interestingly, tiny
sprouts could start to grow after the tubers were
planted in soil (Supplemental Fig. S8B) but not in water
under light or dark conditions. In addition, after placing
separated tops of the tiny sprouts on tissue culture

125


http://www.plantphysiol.org/cgi/content/full/pp.17.00501/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00501/DC1

Nakayasu et al.

Substrate

(228,255)-22,26-dihydroxycholesterol ey
(228)-22-hydroxycholesterol p

(22R)-22-hydroxycholesterol '

Cholesterol N.D.

22-oxocholesterol N.D.
(25S)-26-hydroxycholesterol N.D.
(25R)-26-hydroxycholesterol N.D.
(22S,25RS)-22-hydroxy-26-oxocholesterol | N.D.
(22R,258)-22-hydroxy-26-oxocholesterol | N.D.

50 100(%)
Relative activity

Figure 5. Relative activities of recombinant St16DOX toward choles-
terol and several oxygenated cholesterols. N.D., Not detected.

medium, the sprouts could grow (Supplemental Fig.
S8C). This phenotype is completely the same as that of
PGAI- and PGA2-silenced potato plants (Umemoto
et al., 2016). PGAI- and PGA2-silenced potato plants
do not bloom and are sterile. Unlike PGAI- and PGA2-
silenced potato plants, the St16DOX-silenced transgenic
potato plants bloomed normally. The SI16DOX-silenced
transgenic tomato plants are confirmed to be fertile and
did not demonstrate any outward difference compared
with the control.

Endogenous Metabolite Analysis in St16DOX-Silenced
Transgenic Potato Plants

To examine the effects of St16DOX gene silencing on
the endogenous metabolites, we analyzed changes in
steroidal compounds in the 5t16DOX-silenced plants
using LC-MS. This analysis detected seven distinctive
peaks that were presumed to be steroidal saponins,
which had retention times of 17.44, 17.94, 20.02, 20.56,
23.36,24.05, and 28.45 min, and gave putative masses of
parental ions at m/z 1,236, 1,220, 1,074, 1,058.0, 911.8,
895.8, and 603.7, respectively (Supplemental Fig. S9).
These peaks had a major mass fragment ion at m/z
383.6, which corresponds to [dihydroxycholesterol
- 2H,0 + H']*, and therefore were assumed to be the
glycosides (1-5 saccharides) of dihydroxycholesterol.

To determine the aglycone structure of these steroi-
dal glycosides that were accumulated in the St16DOX-
silenced plants, we extracted the endogenous metabolites
and hydrolyzed them with 1 N HCl and then analyzed the
trimethylsilylated metabolites using GC-MS. Compared
with nontransgenic plants, the St16DOX-silenced plants
had three new peaks in the extracted ion chromatogram
targeting the ion m/z 171 (Fig. 7A). One of these peaks
had a retention time of 23.8 min and was identical to
the authentic (225,255)-22,26-dihydroxycholesterol in
terms of both the retention time and the mass spectrum
(Fig. 7). The other two peaks, which had retention times
of 19.1 and 19.3 min, were identical to the artifacts that
occur during the processes of acid hydrolysis and tri-
methylsilylated derivatization of authentic (225,255)-
22,26-dihydroxycholesterol (Fig. 7A). These results
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indicate that St16DOX gene silencing results in the
accumulation of the glycosides of (225,255)-22,26-
dihydroxycholesterol, which was determined to be the
best substrate for St16DOX in the in vitro assay. Similarly,
S5116DOX-silenced transgenic tomato plants also accu-
mulated the glycosides of (225,255)-22,26-dihydrox-
ycholesterol (Supplemental Fig. S510).

DISCUSSION

16DOX Is a Dioxygenase That Shows Steroid
16a-Hydroxylase Activity in SGA Biosynthesis

SGA biosynthesis in potato and tomato is thought to
require the oxidation of cholesterol at the C-16, C-22,
and C-26 positions, followed by transamination and
glycosylation (Petersen et al., 1993; Friedman, 2002;
Ginzberg et al., 2009). We recently identified two CYPs
(PGA1 and PGA2) that are involved in SGA biosyn-
thesis, which catalyze the hydroxylation of cholesterol
at C-26 and C-22, respectively (Umemoto et al., 2016). In
this study, we investigated the role of a 20GD gene
named 16DOX, which belongs to clade DOXC41. An
in vitro functional analysis of the recombinant 16DOX
protein confirmed that 16DOX catalyzes the hydroxyl-
ation of steroids at C-16« (Fig. 4). In addition, 16 DOX-
silenced transgenic plants contained significantly lower
amounts of SGAs (Fig. 6, B-D). These results clearly
demonstrate that 16DOX is a steroid 16a-hydroxylase
that is involved in SGA biosynthesis in Solanum spp.
Although many CYPs from various organisms have
been characterized as catalyzing the oxidative modifi-
cation of steroid compounds, to our knowledge, this is
the first 20GD to be identified as functioning in the
oxidation of steroids.

Reaction Orders during Steroidal Alkaloid Biosynthesis in
Solanum and Veratrum spp.

In this study, we found that 16DOX-silenced trans-
genic plants accumulated the glycosides of dihydroxy-
cholesterol (Supplemental Fig. S8). Similarly, Itkin
etal. (2013) also reported that transgenic tomato plants
in which GAMEL11, a gene coding a putative dioxy-
genase, was silenced by virus-induced gene silencing
accumulated dihydroxycholesterol saponins of an un-
known structure. This GAME11 corresponds to SI16DOX,
and their results were consistent with our observations.
In this study, we determined the aglycone structure of
the glycoside product as (225,255)-22,26-dihydroxy-
cholesterol (Fig. 7); furthermore, functional charac-
terization revealed that this was the best substrate for
the recombinant St16DOX (Fig. 5). Therefore, we con-
clude that 16DOX catalyzes the C-16 hydroxylation
of (225,255)-22,26-dihydroxycholesterol, which is bio-
synthesized via the C-22 and C-26 hydroxylation of
cholesterol by PGA2 and PGA1, respectively.

Veratrum spp. are known to contain the steroidal alka-
loid cyclopamine, which exhibits potent pharmacological
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Figure 6. SGA contents and yields of tubers from St76DOX-silenced transgenic potato plants. A, Quantitative RT-PCR analysis of
St16DOX transcript levels in the in vitro-grown shoots of 5t76DOX-silenced plants. B, LC-MS analysis of SGA levels in the in vitro-
grown shoots of St716DOX-silenced plants. C and D, LC-MS analysis of SGA levels in the peel (C) and cortex (D) of harvested
tubers from St716DOX-silenced plants. E, Yields of tubers from 5t16DOX-silenced plants. Error bars indicate sp (n = 3). FW, Fresh
weight; NT, nontransgenic control plants; #15, #16, #28, #39, and #41, independent transgenic lines.

activities, and Veratrum spp. alkaloids are proposed to
be biosynthesized from cholesterol via the predicted
intermediates verazine and solanidine (Kaneko et al.,
1976, 1977). Therefore, since solanidine is a common
precursor for the biosynthesis of SGA as well as Vera-
trum spp. alkaloids, verazine also has been proposed as
a precursor in potato SGA biosynthesis (Friedman,
2006). Recently, Augustin et al. (2015) reported the
functional characteristics of the four genes (CYP90B27,
CYP94N1, GABATI, and CYP90G1) that catalyze the
first six reactions in the production of verazine from
cholesterol in Veratrum californicum. In this pathway,
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oxidation and transamination at C-26, subsequent
oxidation at C-22, and F-ring closure occurred in the
absence of the hydroxylation at C-16 (Augustin et al.,
2015), and previous phytochemical studies also have
supported this reaction order (Kaneko et al., 1970,
1975, 1976, 1977). By contrast, our study demon-
strated that 16DOX hydroxylated (225,255)-22,26-
dihydroxycholesterol at C-16 (Fig. 5), and this was
supported by the observation that the glycosides of
22,26-dihydroxycholesterol accumulated in 16DOX-
silenced transgenic plants (Supplemental Fig. S9),
whereas verazine-type compounds were not detected.
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These different reaction orders may be explained by
the independent origins of the biosynthetic genes in
Solanum and Veratrum spp. (Fig. 8). Potato PGA2
(CYP72A188) and PGA1 (CYP72A208) belong to the
CYP72 family and differ from Veratrum spp. CYP90B27
and CYP94N1, which catalyze C-22 hydroxylation and
two steps of C-26 oxidation to form C-26 aldehyde,
which can be transaminated by GABAT1 (Augustin
et al., 2015). The identification of a C-22 oxidase in
Solanum spp. and a C-16 hydroxylase in Veratrum spp.
will provide further support for the different reaction
orders and origins of the steroidal alkaloid pathways in
these genera.
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16DOX Catalyzes C-16 Hydroxylation Specifically in the
16« Configuration

Feeding with the three labeled cholesterols indicated
that the 16a-hydrogen of cholesterol was eliminated
but the 168-hydrogen was retained in tomato SGA bio-
synthesis (Fig. 2, G-1), which supported the finding
that 16DOX catalyzes C-16 hydroxylation specifically in
the 16« configuration. However, the structure of the final
product a-tomatine is not consistent with this, as the oxy-
gen atom in the E-ring of a-tomatine is in the 168 config-
uration and 16a-hydrogen also is present. Curiously, our
tracer experiments suggested that the 16a-hydrogen of
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a-tomatine is derived from the 168-hydrogen of choles-
terol. In the proposed biosynthetic pathway of a-tomatine
(Itkin et al., 2013), 16,22,26-trihydroxycholesterol is likely
reoxidized at C-22, followed by E-ring closure to form
furostanol-type aglycone, in which the oxygen atom is in
the 168 configuration. Therefore, this apparent discrep-
ancy may be explained by the process of E-ring closure,
during which the inversion of 168-hydrogen to the C-16«
position occurs, although a second step of C-22 oxidase and
an E-ring cyclase that are involved in tomato SGA bio-
synthesis have not yet been characterized.

Our tracer experiments also suggested that both the
16a- and 16B-hydrogen atoms of cholesterol were
eliminated during potato SGA biosynthesis while
5t16DOX catalyzes only 16a-hydroxylation (Fig. 2,
A-F). These results suggest that loss of the 168-hydrogen
atom is catalyzed by an additional unknown C-16 oxi-
dase and that this oxidation step occurred specifically in
potato SGA biosynthesis. In addition, 16a-hydrogen
was added subsequently to form solanidine in potato
SGA biosynthesis (Fig. 2, A-F), suggesting that an un-
known C-16 reductase that introduces 16a-hydrogen
may be involved in the final stage of solanidine bio-
synthesis. Taken together, these findings indicate that
further investigation is required to elucidate the mecha-
nism by which the E- and F-rings of spirosolane and
solanidane are formed during SGA biosynthesis.

Coexpression of 16DOX with SGA Biosynthetic Genes

Quantitative RT-PCR analysis in various tissues of
potato showed that the 16DOX gene was coexpressed
with the PGA1 and PGA2 genes as well as the UGT
genes that are responsible for the glycosylation steps in
SGA biosynthesis (Fig. 3). Itkin et al. (2013) reported
that SGA biosynthetic genes including GAME11 (which
corresponds to 16DOX) exist as gene clusters on chro-
mosomes 7 and 12 of tomato and potato. Such physical
clustering of functionally related genes may enable the
coordinated regulation of gene expression at the chro-
matin level (Field et al., 2011). Previously, SI16DOX
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was reported as the pistil-expressed dioxygenase that
has been variously named TPP1, GAD2, SPP2, and
H6H-like protein in tomato (Milligan and Gasser, 1995;
Jacobsen and Olszewski, 1996; Lantin et al.,, 1999;
Nakane et al., 2003). The findings of these studies were
consistent with our results that SI16DOX showed high
expression levels in flowers (Fig. 3). Recently, Thagun
et al. (2016) reported that the overexpression and sup-
pression of Jasmonate-Responsive ERF (JRE) genes (JRE3,
JRE4, and JRE)) in tomato significantly influenced SGA
accumulation and the expression of the genes encoding
the SGA biosynthetic enzymes, including those in-
volved in the upstream mevalonate pathway. JRE4 was
found to bind a GCC box-like element that is enriched
in the promoters of JRE-regulated genes and also con-
trolled the coordinated expression of the SGA biosyn-
thetic genes. Similarly, Cardenas et al. (2016) revealed
that GAME9 (which is identical to JRE4) in tomato and
potato regulates the expression of the SGA biosynthetic
genes by directly or indirectly acting on the promoters
of downstream target genes. Thus, coexpression anal-
ysis of the SGA biosynthetic genes that are regulated by
JRE4/GAME9 will help to identify novel genes that are
involved in the formation of the E- and F-rings of spi-
rosolane and solanidane, including a C-16 oxidase in
potato.

Phenotypes of 16DOX-Silenced Transgenic Plants

16DOX-silenced transgenic potato plants contained
significantly lower amounts of a-solanine and a-cha-
conine, and the silenced lines grew normally in a
greenhouse with comparable yields of tubers to the
wild type. Interestingly, 16DOX-silenced transgenic
potato plants did not sprout (Supplemental Fig. S8A),
but the sprouts could grow by planting the tubers in soil
or placing the excised sprout tips on tissue culture
medium (Supplemental Fig. S8, B and C). These phe-
notypes are similar to those of PGAI- and PGA2-
silenced plants, except that the latter also exhibited
abnormal flowers (Umemoto et al., 2016). By contrast,
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GAME4/PGA3- or SSR2-silenced transgenic potato
plants were phenotypically identical to control plants,
despite containing much lower SGA contents (Itkin
et al., 2013; Umemoto and Sasaki, 2013; Sawai et al.,
2014). These findings demonstrate that the amounts of
SGA are unrelated to sprouting morphogenesis, so
16DOX-silenced plants may accumulate unknown
compounds that inhibit sprouting and can be re-
moved by planting the tubers in soil (Umemoto
et al., 2016). We found that 16DOX-silenced transgenic
plants accumulated dihydroxycholesterol and/or its
glycosides (Supplemental Fig. S9), and PGAI- and
PGA2-silenced plants also were found to accumulate
22- or 26-hydroxycholesterols and/or their glycosides
(Umemoto et al., 2016). Therefore, it is possible that
the suppression of sprouting morphogenesis is caused
by the accumulation of hydroxylated cholesterol or
its glycosides in the sprout clusters of the silenced
potatoes.

Our observations demonstrate that it may be possible
to breed SGA-free potato, as reported by Umemoto et al.
(2016). 16DOX is a valuable target for the development
of a loss-of-function mutant because it occurs as a single-
copy gene in the genomes of potato and tomato. Such a
loss-of-function mutant for 76DOX could be obtained
through mutation breeding using targeting induced
local lesions in genomes (Elias et al., 2009) and
genome-editing techniques (Sawai et al., 2014; Nicolia
et al., 2015).

MATERIALS AND METHODS
Chemicals

Authentic samples of a-solanine, a-chaconine, a-tomatine, (22R)-22-
hydroxycholesterol, and (225)-22-hydroxycholesterol were purchased from
Sigma-Aldrich. Cholesterol was purchased from Tama Biochemical. Authentic
compounds of (25R)-26-hydroxycholesterol, (255)-26-hydroxycholesterol,
(225)-16a,22-dihydroxycholesterol, (225)-16,22-dihydroxycholesterol, (225,255)-
22,26-dihydroxycholesterol, (22R,255)-22-hydroxy-26-oxocholesterol,
(225,25RS)-22-hydroxy-26-oxocholesterol, [15,15,16oz,17—2H4]cholesterol, [15,15,168,17-
2H4]cholesterol, and [15,15,17—2H3]cholesterol were synthesized as described in
Supplemental Materials and Methods S1.

RNA Extraction and RT

Total RNA extraction was performed using the RNeasy Plant Mini Kit
(Qiagen) and the RNase-Free DNase Set (Qiagen). Total RN As of potato (Solanum
tuberosum) and tomato (Solanum lycopersicum) were prepared from the leaves,
flowers, tuber peels, stems, roots, stolons, and tuber sprouts of potato cv Sassy
and the leaves, flowers, mature green fruits, yellow fruits, orange fruits, and red
fruits of tomato cv Micro-Tom, respectively. The extracted total RNAs of potato
and tomato were used to synthesize the first-strand cDNAs using the Super-
Script First-Strand Synthesis System for RT-PCR (Life Technologies) and the
Transcriptor First-Strand cDNA Synthesis Kit (Toyobo), respectively.

Cloning of 16DOX cDNAs

The cDNA fragments that contained the open reading frame of each 76DOX
gene were amplified by RT-PCR with primers 1 and 2 for St16DOX and primers
3 and 4 for SI16DOX (Supplemental Table S2), which were designed from the
potato and tomato unigene sequences (Sotub07g016570 in the Potato ITAG
protein database and Solyc07g043420 in the Tomato ITAG protein database,
respectively). The PCR products were cloned into the pENTR/D-TOPO plas-
mid (Life Technologies).
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Expression of the Recombinant 16DOX Protein in
Escherichia coli

The coding sequence for each 16DOX gene was amplified from the pENTR/
D-TOPO plasmid using primers 5 and 6 for St16DOX and primers 7 and 8 for
SI16DOX (Supplemental Table S2), which contained restriction sites. The am-
plified DNA fragments were ligated into the pMD19 vector (TaKaRa) and
digested with BamHI and Sall. The DNA fragments were then ligated into the
BamHI-Sall sites of pGEX4T-1. E. coli strain BLR (DE3) (Clontech) transformed
with the constructed plasmid was grown at 37°C in lysogeny broth with 50 ug
mL ! ampicillin until its ODgy, reached 0.5. Recombinant protein expression
was induced by adding 0.1 mm isopropyl 8-p-1-thiogalactopyranoside and was
continued for 20 h at 18°C. The culture was then centrifuged at 3,500 rpm for
30 min at 4°C, and the cell pellets were resuspended in 5 mL of cold sonication
buffer containing 50 mm sodium phosphate (pH 7.4), 300 mm NaCl, and 20% (v/v)
glycerol. The solution was then sonicated three times for 30 s each on ice using a
Bandelin Sonopuls HD 2070 ultrasonic homogenizer type MS73 (Sigma-Aldrich) at
a sound intensity of 200 W cam 2 and centrifuged at 15,000 rpm for 10 min at 4°C.
The GST-tagged proteins present in the supernatant were purified using GST Spin
Trap columns (GE Healthcare) according to the manufacturer’s instructions. After
two column washes, the adsorbed proteins were eluted twice in 200 uL of a solution
containing 50 mm Tris-HCI (pH 8), 20 mm reduced glutathione, and 20% (v/v)
glycerol, and the elution was mixed. The concentration of the purified proteins was
determined by the Bradford system. The purified recombinant proteins were vi-
sualized by SDS-PAGE. The proteins were revealed by staining the gel with Coo-
massie Brilliant Blue R-250 and then were used for further analyses.

In Vitro Enzyme Activity Assay

An in vitro enzyme activity assay was performed using 100 uL of reaction
mixture that consisted of 100 mm Bis-Tris-HCl (pH 7.2), 5 mm 2-ketoglutaric
acid, 10 mm sodium ascorbate, 0.2 mm FeSO,, 25 uM (225)-22-hydroxycholesterol as
a substrate, and each of the purified recombinant 16DOX proteins of potato and
tomato as an enzyme. The reaction was initiated by the addition of the enzyme
being tested and was carried out at 30°C for 3 h. The reaction was then stopped by
the addition of 100 uL of ethyl acetate, followed by the addition of 0.2 ug of
25-hydroxycholesterol in 100% ethanol as an internal standard. The reaction pro-
ducts were extracted three times with an equal volume of ethyl acetate, and the
organic phase was collected and evaporated. The residue was trimethylsilylated
with the TMS-HT Kit (Tokyo Chemical Industry) at 80°C for 30 min.

GC-MS analysis of the reaction products was performed as described pre-
viously by Seki et al. (2008) with minor modifications. GC-MS was conducted
using a GC-MS-QP2010 Ultra (Shimadzu) with a DB-5MS (30 m X 0.25 mm,
0.25 um film thickness; J&W Scientific) capillary column. The injection tem-
perature was 250°C, and the following column temperature program was used:
80°C for 1 min, followed by a rise to 300°C at a rate of 20°C min ! and a hold at
300°C for 20 min. The carrier gas was He, and the flow rate was 1 mL min~ . The
interface temperature was 300°C, with a splitless injection.

Biochemical Analysis of Recombinant St16DOX

To determine the substrate specificity of St16DOX, its activity was assayed using
25 uM cholesterol, (22R)- and (225)-22-hydroxycholesterols, 22-oxocholesterol, (25R)-
and (25S5)-26-hydroxycholesterols, (225,25S5)-22,26-dihydroxycholesterol,
and (22R,255)- and (22S,25RS)-22-hydroxy-26-oxocholesterols. Each reaction
was carried out at 30°C for 3 h. Extraction and GC-MS analysis of the reaction product
were performed as described above. In addition, the reaction product for (225,255)-
22,26-dihydroxycholesterol also was analyzed by LC-MS by extracting and evapo-
rating the product as described above and dissolving the residue in 200 L of ethanol.
LC-MS analysis was performed using a system consisting of an ACQUITY UPLC
H-Class System (Waters) and an SQ Detector 2 (Waters), and data acquisition and
analysis were performed using MassLynx 4.1 software (Waters). Each sample (5 uL)
was injected into an ACQUITY UPLC BEH C-18 chromatographic column (50 X
2.1 mm, 1.7 um; Waters), in which the column temperature was set at 40°C and the
flow rate was set at 0.2 mL min". The mobile phases were water with 0.1% (v/v)
formic acid (A) and acetonitrile (B), using a gradient elution of 10% to 90% B at 0 to
30 min, 90% to 100% B at 30 to 40 min, and 100% B at 40 to 46 min (0-30 min and 30—
40 min, linear gradient). The mass spectra were obtained in positive electrospray
ionization, with a capillary voltage of 3 kV and a sample cone voltage of 60 V. Mass
spectrometry scan mode with a mass range of 1/z 250 to 1,400 was used.

Next, we determined the kinetic parameters of recombinant St16DOX in trip-
licate assays. The activity was assayed using (225,255)-22,26-dihydroxycholesterol
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at a concentration ranging from 1 to 50 um. The reaction was carried out at 30°C for
30 min. Extraction and GC-MS analysis of the reaction product were performed as
described above. Kinetic parameters were determined by nonlinear regression
using the ANEMONA program (Herndndez and Ruiz, 1998).

Generation of Transformation Vectors, Plant
Transformation, and Growth Conditions

A 370-bp fragment of St16DOX cDNA was PCR amplified using primers
9 and 10 (Supplemental Table S2), which contained restriction sites. An RNA
interference binary vector that targeted the St16DOX gene (pKT258) was con-
structed from the binary vector pKT11 (Umemoto et al., 2001) by locating two
370-bp fragments of St16DOX in opposite directions that interposed the third
intron of the Arabidopsis (Arabidopsis thaliana) At4¢14210 gene under the con-
trol of the cauliflower mosaic virus 35S promotor in the T-DNA region, as de-
scribed previously (Umemoto et al., 2016). pKT258 was then electroporated into
Agrobacterium tumefaciens GV3110 mp90. Potato (cv Sassy) plants were trans-
formed using A. tumefaciens GV3110 mp90 cells with pKT258, as reported
previously (Momma, 1990). In vitro-grown plants were cultured at 20°C under
a 16-h-light/8-h-dark cycle, following which 41 transformants were individu-
ally selected by genomic PCR of in vitro-grown shoots using primers 11 and
12 (Supplemental Table S2), which targeted the kanamycin resistance gene in
the T-DNA region that was integrated into the potato genome. Quantita-
tive RT-PCR analysis of St16DOX was performed using primers 13 and
14 (Supplemental Table S2) as described in “Real-Time Quantitative RT-PCR
Analysis.” Total RNA was then prepared from the stems of five independent
lines of in vitro-cultured plants: #5, #16, #28, #39, and #41. Primers 15 and
16 (Supplemental Table S2), which targeted the potato Elongation Factorla gene
(EF1a; Nicot et al., 2005), were used as a control. Tomato (cv Micro-Tom) plants
also were transformed using A. tumefaciens GV3110 mp90 cells with pKT258, as
reported previously (Sun et al., 2006)

LC-MS Analysis of SGAs in 16DOX-Silenced
Transgenic Plants

The SGAs that were contained in 16DOX-silenced transgenic plants were
extracted and quantified as described previously (Umemoto et al., 2016).
LC-MS analysis of the steroidal compounds that accumulated in the 16DOX-
silenced plants was performed as described in “Biochemical Analysis of
Recombinant St16DOX” with minor modifications: LC-MS was conducted with
an ACQUITY UPLC HSS T3 chromatographic column (100 X 2.1 mm, 1.8 um;
Waters); water with 0.1% (v/v) formic acid (A) and acetonitrile (B) were used as
the mobile phases, using a gradient elution of 10% B at 0 to 2 min and 10% to
55% B at 2 to 32 min (linear gradient); and mass spectrometry scan mode was
used with a mass range of m/z 300 to 1,250.

GC-MS Analysis of Steroids in 16DOX-Silenced
Transgenic Plants

The steroid compounds that accumulated in the in vitro-grown shoots of
16DOX-silenced transgenic potato plants and the leaves of 16DOX-silenced
transgenic tomato plants were extracted and analyzed using a similar method
to that described previously (Ohyama et al., 2013). The extracted residue was
trimethylsilylated with N-methyl-N-trimethylsilyltrifluoroacetamide (Sigma-
Aldrich) at 80°C for 30 min. GC-MS analysis was performed as described
above with minor modifications: a DB-IMS (30 m X 0.25 mm, 0.25 um film
thickness; J&W Scientific) capillary column was used.

Real-Time Quantitative RT-PCR Analysis

Quantitative RT-PCR was performed with a LightCyclerNano (Roche) using
THUNDERBIRD SYBR qPCR Mix (Toyobo) with the following primer sets:
17 and 18 for St16D0OX, 19 and 20 for PGA1, 21 and 22 for PGA2, 23 and 24 for
SGT1, 25 and 26 for SGT3, and 15 and 16 for EF1a (Nicot et al., 2005), using the
cDNA of various potato tissues as templates; and 17 and 18 for SI16DOX,
27 and 28 for PGAI-homolog, 29 and 30 for PGA2-homolog, 31 and 32 for
GAMEI, and 33 and 34 for ubiquitin, using the cDNA of various tomato tissues
as templates (Supplemental Table S2). Cycling was carried out at 95°C for
10 min, 45 cycles at 95°C for 10 s, 60°C for 10 s, and 72°C for 15 s for amplifi-
cation, followed by holding at 95°C for 30 s and ramping up from 60°C to 95°C
at0.1°Cs 'to perform a melting curve analysis. Three biological replicates were
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analyzed in duplicate. The gene expression levels were normalized against the
values obtained for the EF1a and Ubiquitin genes, which were used as internal
references in potato and tomato, respectively. Data acquisition and analysis
were performed using LightCyclerNano software (Roche).

Tracer Experiments Using Stable
Isotope-Labeled Compounds

Tracer experiments were performed according to a previously reported
method (Ohyama et al., 2013) with minor modifications: each stable isotope-
labeled compound (1 mg) was dissolved in acetone (25 uL)-Tween 80 (25 uL).
In vitro-grown potato (cv Sassy) shoots and tomato (cv Micro-Tom) seedlings
were prepared for tracer experiments and fed with the stable isotope-labeled
compounds [15,15,16a,17-*H,]cholesterol, [15,15,168,17-*H,]cholesterol, and
[1 5,15,17—2H3]cholesterol. After 7 d, the SGAs that accumulated in the harvested
potato shoots and tomato seedlings were extracted and analyzed by LC-MS as
described above.

Accession Numbers

Accession numbers are as follows: St16DOX, LC222743; and SI16DOX,
LC222744.

Supplemental Data

The following supplemental materials are available.

Supplemental Materials and Methods S1. Chemical synthesis of steroidal
compounds.

Supplemental Figure S1. Quantitative RT-PCR analysis of the expression
pattern of SGA biosynthetic genes in various organs of tomato.

Supplemental Figure S2. Amino acid sequence alignment of St16DOX,
SI116DOX, and hyoscyamine 68-hydroxylase from H. niger (HnH6H).

Supplemental Figure S3. GC-MS analysis of the reaction products
obtained from the recombinant St16DOX protein with (225,255)-22,26-
dihydroxycholesterol as a substrate.

Supplemental Figure S4. LC-MS analysis of the reaction products from the
recombinant St16DOX protein with (225,255)-22,26-dihydroxycholes-
terol as a substrate.

Supplemental Figure S5. GC-MS analysis of the reaction products from
the recombinant 16DOX proteins with (22R)-22-hydroxycholesterol as a
substrate.

Supplemental Figure S6. Kinetic analysis of the recombinant St16DOX
with (225,255)-22,26-dihydroxycholesterol.

Supplemental Figure S7. LC-MS analysis of a-tomatine levels in the leaves
of §I16DOX-silenced transgenic tomato plants.

Supplemental Figure S8. Phenotypes of St16DOX-silenced transgenic po-
tato plants.

Supplemental Figure S9. LC-MS analysis of the accumulated compounds
in the leaves of St16DOX-silenced transgenic potato plants.

Supplemental Figure S10. GC-MS analysis of the accumulated compounds
in leaves of SI16DOX-silenced transgenic tomato plants.

Supplemental Table S1. List of the 256 20GD transcripts extracted from
the Spud DB potato genomics resource.

Supplemental Table S2. Oligonucleotides that were used in this study.

Supplemental Materials and Methods S1. Supplemental materials and
method.
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