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Detoxification of the solanaceous phytoalexins rishitin, lubimin, oxylubimin and
solavetivone via a cytochrome P450 oxygenase
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ABSTRACT
Solanaceous plants produce sesquiterpenoid phytoalexins to defend themselves against a variety of
pathogens. These toxic compounds are not only harmful to the pathogen but also to the plant, and thus
need to be detoxified by the plant after the threat has been eliminated. We report that the detoxifica-
tion of rishitin, the major phytoalexin in potato tubers and tomato fruits, is mediated by a cytochrome
P450 CYP76 family enzyme via the hydroxylation of the isopropenyl group resulting in the formation of
13-hydroxyrishitin, also known as rishitin-M1. We further observed hydroxylation of the potato phytoa-
lexins solavetivone, lubimin and oxylubimin by the same enzyme. Constitutive expression of CYP76 in
Nicotiana benthamiana also led to a reduction of the non-potato phytoalexins capsidiol and its deriva-
tive capsidiol 3-acetate. We therefore annotated this enzyme as sesquiterpenoid phytoalexins hydro-
xylase, SPH. This broad range of substrates indicates that SPH functions as a general phytoalexin
detoxification enzyme in Solanaceae, and is therefore relevant for a better understanding of plant-
pathogen interaction in solanaceous plants, which comprise many economically important crops, such
as potato, tomato, eggplant and pepper.
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Introduction

Production of toxins as a means of protection is a recurring
defense pattern in nature and widely spread among all clades. In
plants, toxins that primarily target pathogens, are referred to as
phytoalexins.1,2 The term phytoalexin is a generic name and
encompasses a large number of compounds, which fall into
different chemical classes, including flavonoids, indoles and
terpenoids. Phytoalexins are but one component in a larger
defense arsenal, which includes programmed cell-death, produc-
tion of ROS (reactive oxygen species) and anti-microbial pro-
teins in PAMP (pathogen-associated molecular patterns)
triggered immunity, effector-triggered immunity and systemic
acquired resistance.3 Though the way in which the various
phytoalexins exert their toxic effect may differ, the general con-
cept appears to be to either eliminate a given pathogen or at least
slow its growth down, in order for other defense mechanisms to
gain more time to mount an effective defense. This notion is
supported by the finding that phytoalexins often accumulate in
tissue, which has undergone programmed cell-death,4 thereby
hampering a pathogen’s ability to gain a foothold. As
a consequence, inhibition of phytoalexin synthesis is commonly
observed with a higher disease susceptibility.5–7 This defense
strategy is a double-edged sword however, since many of these
compounds were shown to also cause damage to the plant cells
as well.5,8,9 For this reason, phytoalexin production needs to be
contained to the area of infection, surge rapidly, and be detox-
ified as soon as the infectious threat has been eliminated.

The major phytoalexins present in solanaceous plants are
sesquiterpenoids and therefore consist of a 15-carbon backbone

which derives from farnesyl diphosphate (FPP) (Figure 1).
A multitude of similar phytoalexins exists in different solanac-
eous species. Probably the most studied representative of these is
capsidiol, which is primarily produced in Capsicum and
Nicotiana species (Figure 1), where it is found both in leaf and
fruit tissue upon elicitation.10,11 Capsidiol has, to our knowledge,
never been detected in the closely related Solanum plants.
However, Solanum plants appear to produce an extensive
range of phytoalexins, such as the accordingly named solaveti-
vone but also rishitin, lubimin, oxylubimin and others.12 The
composition of these compounds varies not only between spe-
cies, but even between different cultivars.13 Some of the phytoa-
lexins present in Solanum can also be found in Nicotiana and
Capsicum, though at lower amounts than capsidiol.14,15

In potatoes and tomatoes, phytoalexin production does not
occur in leaves and is best observed in potato tubers,16 as well as
the fruits and stems of tomato.17,18 While the discovery of most
of these sesquiterpenoids occurred decades ago, little progress
has been made in resolving the biosynthetic pathways. Most
insights were gained from isotope labeled feeding experiments,
but the enzymes and genes required for the biosynthesis of
these phytoalexins remain largely unknown. The only excep-
tions are capsidiol and solavetivone, which merely require two
enzymes. In the case of capsidiol, the two enzymes EAS (5-epi-
aristolochene synthase) and EAH (5-epi-aristolochene dihy-
droxylase) are sufficient to produce capsidiol from FPP.19,20

Production of solavetivone requires HPS (Hyoscyamus muticus
premnaspirodiene synthase) and HPO (H. muticus premnas-
pirodiene oxygenase) respectively (Figure 1).21,22
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While capsidiol and solavetivone are functional phytoalex-
ins, in many cases they are further converted to other phy-
toalexins. In Nicotiana benthamiana, production of capsidiol
coincides with the formation of capsidiol 3-acetate, though
how the esterification occurs is yet unknown. There is an
ample amount of research, which establishes a pathway from
solavetivone to rishitin, the major phytoalexin in potato and
tomato. This pathway suggests that solavetivone is a precursor
of lubimin, which subsequently is converted to oxylubimin,
and finally to rishitin (Figure 1).23,24

Due to their toxicity not only to the pathogen but also to
the host plant, phytoalexins such as rishitin need to be
degraded by the host after a certain period of time. The
compounds rishitin-M1 (13-hydroxyrishitin) and rishitin-M2
are derivatives of rishitin, which have lost their toxicity to
potato tissue, and at the same time, demonstrate a greatly
reduced efficiency against Phytophthora infestans (Figure 1).25

The detoxification of rishitin into rishitin-M1 was also found
to occur in the fungal pathogen Gibberella pulicaris, which
causes dry rot in potato tubers.26 Interestingly rishitin-M1
and rishitin-M2 are created via two distinct mechanisms.27

While rishitin-M1 could be shown to be caused via an oxyge-
nation of the C-13 carbon from molecular oxygen,28 rishitin-
M2 requires the intramolecular migration of a hydrogen atom
at C-12 (Figure 1).

Solanaceous plants, such as potato, tomato, eggplant and
pepper, are an integral part of the diet of many cultures
throughout the world. Even though sesquiterpenoid phytoa-
lexins are known to be an important component of pathogen
defense in solanaceous plants, research on phytoalexin meta-
bolism has made little progress over the last decades. Gaining
insights into the phytoalexin pathway is a requirement for

improving our understanding of plant-pathogen interaction
in Solanaceae and may help breeding more resistant cultivars
in the future.

Results and discussion

In order to gain more insight into the enzymes governing the
production of phytoalexins in potato tubers, we’ve investi-
gated a group of cytochrome P450 enzymes, which we sus-
pected to be involved in the phytoalexin pathways of potato.
Of those, a gene annotated as cytochrome P450 76A2-like
(CYP76A2L), was identified in the genomes of potato, tomato
and tobacco, but not in N. benthamiana. This pattern matches
the production profile of solavetivone, since out of these
plants, N. benthamiana is the only that has never been
found to produce solavetivone or phytoalexins derived
thereof. Due to this circumstance, N. benthamiana leaves
were used as a platform to examine whether CYP76A2L is
involved in the pathway of solavetivone derived phytoalexins.

CYP76A2L expression leads to a reduction of all major
potato phytoalexins

CYP76A2L was transiently expressed under the control of 35S
promoter for two days in N. benthamiana leaves using agroin-
filtration, and these leaves were subsequently infiltrated with
pure stocks of the potato phytoalexins solavetivone, lubimin,
oxylubimin and rishitin. The leaves were harvested and the
amounts of residual phytoalexins measured with GC-MS. We
detected a reduction of these infiltrated phytoalexins in
CYP76A2L expressing leaves after an incubation of 5 h com-
pared to leaves which were only expressing GFP (Figure 2).

Figure 1. Sesquiterpenoid phytoalexins from solanaceous plants. Molecular structures and proposed pathways for synthesis of sesquiterpenoid phytoalexins in
solanaceous plants. Farnesyl diphosphate (FPP) is the common precursor for all compounds, which leads to two separate pathways. The yellow pathway generates
solavetivone-type phytoalexins and is present in potato and tomato. The blue pathway leads to the formation of capsidiol and debneyol and is found in Nicotiana
benthamiana. In potato tubers, detoxification of rishitin was found to result in rishitin-M1 and rishitin-M2 as depicted in the gray pathway. Solid arrows: Enzymes
have been characterized. Dotted arrows: enzyme unknown and intermediates may exist. EAS, 5-epi-aristolochene synthase; EAH (5-epi-aristolochene dihydroxylase;
HPS, Hyoscyamus muticus premnaspirodiene synthase; HPO H. muticus premnaspirodiene oxygenase.
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Since phytoalexins are cytotoxic, we also tested the phytoa-
lexin camalexin from Arabidopsis thaliana as a control for
possible effects caused by cellular damage. The infiltrated
sesquiterpenoid phytoalexins from Solanum species, solaveti-
vone, lubimin, oxylubimin and rishitin, are all reduced,
whereas camalexin, an indole alkaloid phytoalexin, remained
unaffected by CYP76A2L expression, indicating that the
reduction of the sesquiterpenoids is not an indirect effect
but rather caused by the activity of CYP76A2L. These results
show that expression of CYP76A2L causes a significant reduc-
tion of every tested sesquiterpenoid phytoalexins in the rishi-
tin pathway.

CYP76A2L can metabolize endogenous sesquiterpenes
from N. benthamiana via the isopropenyl tail

When comparing the structures of the phytoalexins tested in
the previous section, it becomes apparent that these com-
pounds demonstrate some striking differences, particularly
rishitin, which seems to resemble capsidiol, rather than its
precursors solavetivone, lubimin and oxylubimin (Figure 1).
We thus examined whether CYP76A2L is able to metabolize
capsidiol, which does not naturally occur in potato, as well.
Elicitation of N. benthamiana with the elicitor INF1,
a secretory protein of potato blight pathogen Phytophthora
infestans,29 leads to the formation of capsidiol, capsidiol
3-acetate and debneyol.30 Debneyol and capsidiol both derive
from 5-epi-aristolochene (Figure 1). Similar to the previous
experiment, CYP76A2L was transiently expressed in
N. benthamiana leaves for 2 days, followed by elicitation
with INF1 for 1 day. In contrast to the infiltrated potato
phytoalexins, measuring the impact of CYP76A2L on the
endogenous phytoalexins capsidiol and capsidiol 3-acetate is
much more difficult. This is because a reduction of capsidiol
will necessarily result in a reduced accumulation of capsidiol
3-acetate as well. The opposite also holds true, if the forma-
tion of capsidiol 3-acetate is a reversible reaction, which is

currently unknown. For this reason, measurements of endo-
genous capsidiol and capsidiol 3-acetate concentrations do
not allow any conclusion over which compound is used as
a substrate by CYP76A2L. It is however possible to examine
the impact of CYP76A2L on the total accumulation of both
capsidiol and its derivative capsidiol 3-acetate, to gain insight
into whether CYP76A2L affects the capsidiol pathway.
CYP76A2L expression led to a reduction of capsidiol and
capsidiol 3-acetate in the N. benthamiana leaves, whereas
a reduction of debneyol was not observed (Figure 3). The
finding that debneyol levels did not change, indicates that
5-epi-aristolochene is not affected by CYP76A2L, which
demonstrates that CYP76A2L directly acts on capsidiol and/
or capsidiol 3-acetate. Comparison of the phytoalexins that
were metabolized by CYP76A2L, points to the conserved
isopropenyl group, which is the same in all these compounds,
and differs only for debneyol, where the tail is hydroxylated
(Figure 1). Though the tested phytoalexins are similar in size,
the two hydroxyl groups in oxylubimin make it a substantially
more polar compound than solavetivone, indicating that
CYP76A2L does not seem to be very selective in its substrates.
It is possible that other compounds containing a similar iso-
propenyl group may be substrates as well.

CYP76A2L is a monooxygenase that incorporates
a hydroxyl group into solavetivone, lubimin, oxylubimin
and rishitin

The reduction of the infiltrated phytoalexins caused by
CYP76A2L coincided with the appearance of novel
peaks, all of which demonstrated a delayed retention time
(Figure 4(a–c)). GFP expressing leaves also differed from
CYP76A2L expressing leaves by an additional peak, which
corresponded to endogenous capsidiol 3-acetate. The capsi-
diol 3-acetate peak, which appears to have been produced
in response to the infection of A. tumefaciens, had disap-
peared in the CYP76A2L expressing leaves (Figure 4(a-c)).

Figure 2. Reduction of Solanaceae phytoalexins in N. benthamiana leaves expressing CYP76A2L. N. benthamiana leaves were inoculated with Agrobacterium strains
for expression of GFP or CYP76A2L, and the leaves were infiltrated with 1 mg/ml rishitin, lubimin, oxylubimin, solavetivone or 0.2 mg/ml camalexin (control) 2 d after
inoculation. Infiltrated phytoalexins were re-extracted after 5 h and measured using GC-MS. Scores indicate the amount of phytoalexins extracted from leaves
expressing CYP76A2L relative to that from GFP expressing control leaves. Data are means ± SD (n = 4). Asterisks indicate a significant difference from camalexin
control as assessed by Student’s two-tailed t-test at *P < .05.

PLANT SIGNALING & BEHAVIOR e1707348-3



The mass spectra of the CYP76A2L induced peaks were
recognized as being sesquiterpenes, due to their resemblance
to the mass spectra of the corresponding infiltrated phytoa-
lexins (data not shown). Neither the mass spectra nor reten-
tion times of the novel peaks matched any other phytoalexin
in the pathway, indicating that the function of CYP76A2L is
not the synthesis of lubimin, oxylubimin or rishitin. The
delayed retention time, together with the similar mass spectra,
hints that these new peaks consist of the infiltrated phytoalex-
ins, which contain at least one additional polar group. We
were unable to safely determine the molecular weight from
these spectra, since the molecular ion signals were weak, and
could not be distinguished from the background. In the case
of lubimin, two distinct peaks were observed, which demon-
strated similar retention times, and could not be distinguished
by their mass spectra (Figure 4(c)). The two peaks could
therefore be enantiomers. These enantiomers could either be
products of CP76A2L or are the result of two lubimin enan-
tiomers present in the infiltrated lubimin stock. In the case of
oxylubimin, which has a relatively low volatility due to its
highly oxygenated structure (Figure 4(d)), observation of the
CYP76A2L caused peak required even higher vaporization
temperatures, which resulted in thermal degradation of the
novel peak. To account for the low volatility of the oxylubi-
min derivative, and to gain more insight into the structure of
all novel compounds, we performed trimethylsilyl (TMS)
derivatization of the plant extracts with N-methyl-
N-trimethylsilyl trifluoroacetamide (MSTFA) (Figure 4(e)).
The MSTFA treatment led to the addition of TMS groups to

hydroxyl groups, thus allowing to infer whether the phytoa-
lexins were hydroxylated. The silylated plant extracts showed
that CYP76A2L introduced a single hydroxyl group to sola-
vetivone, lubimin, oxylubimin and rishitin, which could be
determined from the molecular ion of the silylated peaks
(Supplementary Figure 1).

CYP76A2L causes the detoxification of rishitin to
rishitin-M1

The finding that rishitin, which is the final compound of the
pathway, is hydroxylated by CYP76A2L, indicates that
CYP76A2L may not be involved in the biosynthesis of phy-
toalexins. This is further emphasized by the finding that the
hydroxylation of lubimin did not lead to the formation of
oxylubimin but rather to a different compound. We therefore
examined whether CYP76A2L is involved in the detoxifica-
tion of phytoalexins instead. Since it is currently unknown
how solavetivone, lubimin and oxylubimin are detoxified in
plants, we focused on rishitin, where it is reported that it is
detoxified into two compounds, rishitin-M1 and rishitin-M2,
which accumulate in tubers at a later stage of infection.25

Since the molecular weights of rishitin-M2 and the hydroxy-
lated rishitin do not match, it was concluded that the hydro-
xylated rishitin could not be rishitin-M2. The molecular
weights of rishitin-M1 and the hydroxylated rishitin corre-
spond however, indicating that CYP76A2L may be involved
in the detoxification of rishitin to form rishitin-M1.

Therefore, potato tubers were treated with hyphal wall
components (HWC) elicitor prepared from Phytophthora
infestans, which induces defense responses, including the for-
mation of phytoalexins.4 Phytoalexins were extracted from the
tubers 4 d after treatment and compared to the extracts from
the CYP76A2L-expressing N. benthamiana leaves which were
infiltrated with rishitin. GC-MS measurement of the tuber
extracts revealed a peak whose MS and retention time
matched that of the hydroxylated rishitin produced by
CYP76A2L (Figure 5(a)). The MS also matched the published
spectrum for 13-hydroxyrishitin,26 also known as rishitin-M1.
This strongly supports that CYP76A2L is the enzyme respon-
sible for the detoxification of rishitin to rishitin-M1 in potato
tubers (Figure 5(b)).

In light of the findings presented, we propose renaming
CYP76A2L in a manner that adequately reflects its function.
Although the detoxification of rishitin could be used as a basis
for naming the enzyme, its broad substrate tolerance, suggests
that “sesquiterpenoid phytoalexins hydroxylase”, or short:
SPH, describes the enzyme more appropriately. This name
also avoids confounding annotations of homolog genes in
Solanaceae which do not produce rishitin. CYP76A2L will
be referred to as SPH from here on after.

SPH/CYP76A2L is a P450 subfamily specific to Solanaceae
species

The results of this study show that the detoxification of rishitin is
initiated by SPH via hydroxylation of rishitin to rishitin-M1.
SPHwas also shown to hydroxylate other potato phytoalexins, as
well as affecting the capsidiol pathway, which is not present in

Figure 3. Reduction of capsidiol and capsidiol 3-acetate in N. benthamiana
leaves expressing CYP76A2L. N. benthamiana leaves were inoculated with
Agrobacterium strains for expression of GFP (control) or CYP76A2L, and the
leaves were treated with INF1 elicitor 2 d after inoculation. Phytoalexins were
extracted and measured using GC-MS. Scores indicate the amount of phytoalex-
ins extracted from leaves expressing CYP76A2L relative to that from GFP
expressing control leaves 1 d after elicitor treatment. Data are means ± SD
(n = 6). Data marked with an asterisk are significantly different as assessed by
two-tailed Student’s t-tests: *P < .05.
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potato. A BLAST search of SPH homologs revealed that this
cytochrome P450 group is specifically found in Solanaceae spe-
cies (Supplementary Figure 2). Since close homologs of SPH can
also be found in tobacco and pepper (Capsicum annuum), which
are known to produce both rishitin and capsidiol,14,15 as well
eggplant, which is known to produce neither rishitin nor capsi-
diol but rather solavetivone and lubimin,31,32 this opens up the
notion that SPH may be a general sesquiterpenoid phytoalexin
detoxification enzyme. Phylogenetic analysis of SPH and related
cytochrome P450 enzymes identified from draft genome
sequences of Solanum, Capsicum and Nicotiana species revealed
that SPH genes are expanded in potato, tomato and pepper
(Supplementary Figure 2). These lineage-specific duplications
of the SPH gene suggest the emergence of a specialized pathway

during their evolution.33 On the other hand, the finding that
N. benthamiana does not contain a close homolog of SPH
indicates that capsidiol detoxification occurs in a different way
in N. benthamiana.

Concluding remarks

At first glance, a detoxification pathway that targets multiple
phytoalexins would indeed be efficient in potato, where sev-
eral phytoalexins accumulate simultaneously. It would also
allow for a certain evolutionary flexibility, since it would
allow to quickly respond to pathogen pressure via the genera-
tion of novel phytoalexins, without the need for a novel

Figure 4. Gas chromatograms of N. benthamiana leaf extracts, expressing CYP76A2L (red) or GFP (blue) and infiltrated with different potato phytoalexins.
(a-d) N. benthamiana leaves were inoculated with Agrobacterium strains for expression of GFP (blue, lower side) or CYP76A2L (red, upper side), and the
leaves were infiltrated with 1 mg/ml solavetivone (a), rishitin (b), lubimin (c), or oxylubimin (d), 2 d after inoculation. Infiltrated phytoalexins were re-
extracted and measured using GC-MS. (e) Chromatogram showing the same extract from D, which has been silylated with TMS. X-axis: time in min; Y-axis:
ion abundance relative to total ion signal measured in each extract.
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detoxification pathway. The disadvantage of such a strategy is
of course, that pathogens could detoxify multiple phytoalexins
using the same strategy. However, at least in G. pulicaris,
detoxification of rishitin and lubimin is executed by different
enzymes in different ways. While rishitin is detoxified via
rishitin-M1, lubimin detoxification proceeds via the cycliza-
tion of lubimin.26,34,35 Therefore, it may be that lubimin
hydroxylated by SPH still exhibits a toxic effect on pathogens.

Investigating, whether all SPH hydroxylated phytoalexins lose
their efficacy on pathogens, is therefore an important next
step for understanding phytoalexin detoxification in solanac-
eous plants.

Increasing the amount and rate at which phytoalexins are
produced in potato tubers upon infection, could help to
harden potato tubers against fungal diseases. But even with
modern breeding techniques, this is difficult to realize, since

Figure 5. (a): GC-MS measurements of rishitin infiltrated N. benthamiana leaves expressing either GFP or CYP76A2L, and potato tuber treated with HWC elicitor. Left:
Ion chromatograms for each sample, right: mass spectra for peaks indicated by black arrows in left chromatograms. (Top and middle) N. benthamiana leaves were
inoculated with Agrobacterium strains for expression of GFP (top) or CYP76A2L (middle), and the leaves were infiltrated with 1 mg/ml rishitin 2 d after inoculation.
Infiltrated rishitin and hydroxylated rishitin were extracted and measured using GC-MS. (Bottom) Potato tubers were treated with HWC for 4d, rishitin and rishitin-M1
were extracted and measured using GC-MS. (b): Observed reaction of CYP76A2L/SPH when rishitin was used as substrate.
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the majority of genes responsible for the production of phy-
toalexins in Solanum are still unknown. A reduction of the
SPH-induced rishitin detoxification, on the other hand, could
be a relatively simple approach which could lead to a stronger
and prolonged defense response. While the identification of
SPH is an important first step, further research on SPH will be
necessary to determine how SPH is regulated and what role
this enzyme plays in other solanaceous plants.

Materials and methods

Biological materials and growth conditions

N. benthamiana (line SNPB-A5)5 was grown in an environmen-
tally controlled growth room at 23°C under a 16 h light/8 h dark
per day. Tubers of potato cultivar Rishiri, an interspecific hybrid
between Solanum tuberosum and S. demissum carrying the R1
gene for resistance to P. infestans, were stored at 4°C until use.
The tubers were washed with water and sterilized with 0.4%
sodium hypochlorite. Tissue cylinders (20 mm in diameter)
were prepared from parenchymatous tissues with a cork borer
and cut into approx. 3-mm-thick discs. The discs were washed
with a large volume of cold distilled water and then incubated in
a sealed plastic chamber for 20 h at 20°C in the dark before use.

Preparation and treatment of elicitors

INF1 elicitor was prepared from Escherichia coli (DH5α) carry-
ing an expression vector for INF1, pFB53, as previously
reported.29,36 N. benthamiana leaves were treated with 150 nM
INF1 solution as previously described.36 Hyphal wall compo-
nents (HWC) elicitor was prepared from mycelia of P. infestans
strain PI1234-137 that has been grown in liquid rye medium for
approx. 2 weeks at 20°C as described previously38 and aged
potato tuber discs for 20 h were treated with 1 mg/ml HWC
and incubated in a moist chamber at 20°C in the dark.

Construction of vector and Agrobacterium-mediated
transient expression

RNA was extracted from potato tuber treated with 1 mg/ml
HWC elicitor for 1 d using the RNeasy Plant Mini Kit
(Qiagen, Germany) and cDNA synthesis was conducted
using ReverTra Ace-α- (Toyobo, Japan) according to the
manufacturer’s instructions. cDNA of SPH (CYP76A2L) was
amplified with primers contained a 15 bp 5ʹ overhang for In-
Fusion (Takara Bio, Japan) cloning into the vector pNPP4030

digested with BamHI.
Forward primer: TACATCTAGAGGATCATGGAATATG
AATGGAGCTATCTGT.
Reverse Primer: CGAGGTTAACGGATCTCAAGCCTT
TTTTGGTATTACTTTC.

Transformation of A. tumefaciens strain GV3101 with
resulting vector pNPP40-StSPH via electroporation, and tran-
sient expression of GFP (pNPP40-GFP)30 or SPH in
N. benthamiana leaves was performed as previously
described.36

Infiltration of potato phytoalexins into N. benthamiana
leaves

Synthesized rishitin, lubimin, oxylubimin and solavetivone39-41

were provided by Prof. Akira Murai (Hokkaido University,
Japan) and stored at −30°C. The purity of stored phytoalexins
was confirmed by GC-MS analysis. Capsidiol and capsidiol
3-acetate standards were purified as previously reported.30

Camalexin was obtained from Sigma-Aldrich, USA (CA No.
SML1016). Phytoalexins standards were dissolved in DMSO
and then in water to a final DMSO concentration of 2%. The
solution was then infiltrated into the leaf tissue from the abaxial
side using 1 ml needleless syringes.

Extraction of phytoalexins from N. benthamiana leaves
and potato tubers

The leaf tissue was cut using a scalpel and a maximum of
150 mg leaf tissue was used for extraction. The tissue was
frozen in liquid nitrogen, pulverized and extracted for 2 h at
room temperature in 1 ml ethyl acetate. Due to the lower
polarity of solavetivone, samples infiltrated with solavetivone
were extracted in 1:1 (v/v) cyclohexane:ethyl acetate instead.
The raw extract was measured using GC-MS. Phytoalexins
produced in potato tubers treated with HWC elicitor were
extracted by shaking tuber discs in 5 ml (per disc) ethyl
acetate overnight. The extract was then dried in a vacuum
evaporator and resuspended in 1 ml ethyl acetate.

GC/MS measurements

Gas chromatography was performed on an Agilent
Technologies 7890A GC System using a DuraBond Ultra
Inert column (length 30 m; diameter 0.25 mm; film
0.25 µm, Agilent Technologies, USA). Injection volume 1 µl,
splitless. Default measurement method for leaf extracts:
Injection at 270°C; Oven temperature: 3 min 170°C, then
increasing 0.2°C/min to 195°C. Camalexin and TMS treated
samples were measured at an injection temperature of 250°C;
Oven temperature 3 min 100°C, then increasing 1°C/min to
270°C. Potato tuber extract and compared leaf extracts:
Injection at 270°C; Oven temperature: 3 min 170°C, then
increasing 0.5°C/min to 250°C. Mass spectrometry: EI using
Agilent 5975C; scan m/z 33–500. TMS derivatization of plant
extracts was performed as follows: 50 µl raw plant extract was
dried in a vacuum evaporator and resuspended in 50 µl
N-Methyl-N-trimethylsilyl trifluoroacetamide (MSTFA,
Fujifilm Wako Pure Chemical, Japan) and incubated at
room temperature for 30 min.

DNA sequencing and bioinformatics

The constructed vector was sequenced by the dideoxynu-
cleotide chain termination method using Big-Dye
(Version 3) chemistry (Applied BioSystems). Products
were separated on an ABI3130 analyzer (Applied
BioSystems, USA). Sequence data was analyzed in
MacVectror (ver. 15.1, MacVector Inc., USA). The gene
sequence for S. tuberosum SPH (CYP76A2L) has been
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deposited in the DDBJ/EMBL/GenBank databases
(Accession Number LC506385). Predicted amino acid
sequences of plant SPH and related cytochrome P450
were collected from Solanaceae Genomics Network
(https://solgenomics.net)42 for S. tuberosum (ITAG release
1, ST1.0), S. lycopersicum (ITAG release 4), S. melongena
(release 2.5.1), C. annuum (cv. CM334 release 1.55),
N. attenuata (v2 annot v5), N. benthamiana (v1.0.1),
N. sylvestris,43 N. tabacum (Nitab v4.5 Edwards2017) and
N. tomentosiformis,43 or from SoyBase (https://www.soy
base.org) for G. max (Wm82.a2.v1), or from PlantGDB
(http://www.plantgdb.org/AtGDB/) for A. thaliana
(TAIR9/10 v171). Protein sequences were aligned using
ClustalW44 with default settings and phylogenetic analysis
was conducted using the neighbor-joining method45 using
MacVectror ver. 15.1 (MacVector Inc.).
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