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e Abbreviations

Carotenoid genes

Bchl beta-carotene hydroxylase 1

Bch2  beta-carotene hydroxylase 2

Ccdl carotene cleavage dioxygenase 1
Ccd4 carotene cleavage dioxygenase 4

Dxs  1-deoxy-D-xylulose-5-phosphate synthase
GGPS geranylgeranyl diphosphate synthase.
Idil  IPP isomerase (plastidial)

Lcy-b  lycopene beta-cyclase

Lcy-e  lycopene epsilon-cyclase

Pds  phytoene desaturase

Psyl phytoene synthase 1

Zep  zeaxanthin epoxidase

Anthocyanin genes

CHS  chalcone synthase

CHI  chalcone isomerase

F3H flavonoid 3-hydroxylase

F3’H flavonoid 3’-hydrolase

F3’5’H flavonoid 3’5’-hydroxylase

DFR  dihydroflavonol 4-reductase

ACS anthocyanidin synthase

3GT  UDP-glucose:flavonoid 3-O-glucosyltransferase

Glycoalkaloid genes

HMG1 3-hydroxy-3-methylglutaryl-coenzyme A reductase 1
GAME glycoalkaloid-metabolism

SQS1  squalene synthase 1

SMT1 sterol methyltransferase 1

CAS1 cycloartenol synthase 1

SGT1 solanidine galactosyltransferase

SGT2 solanidine glucosyltransferase

SGT3 B-chaconine/B-solanine rhamnosyltransferase
SA Steroidal alkaloids

SGA  Steroidal glycoalkaloids

Techniques
HPLC High Performance Liquid Chromatography

ELSD Evaporative Light Scattering Detector
GC-MS Gas Chromatography — Mass Spectrometer
LC-MS Liquid Chromatography — Mass Spectrometer
UPLC-QTOF-MS Ultra Performance Liquid Chromatography-Quadrupole Time of Flight Mass
Spectrometer

ESI Electro Spray lonization

gPCR Quantitative Real Time PCR

RNA-Seq RNA sequencing

RAD Restriction-site Associated DNA

PCA Principal Component Analysis

HC Hierarchical Clustering

NCA Network Correlation Analysis

Plant materials
ILs Introgression lines
RIL Recombinant Inbred Lines
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e Abstract

The potato is the fourth most important staple food for mankind. Breeding of potatoes for nutritional value is
mainly focused on carotenoid, anthocyanin and glycoalkaloid contents. Carotenoids and anthocyanins exhibit
antioxidant activity, therefore increasing their level in the tuber is a desirable trait. Glycoalkaloids contribute
to the characteristic taste of the potato and have been reported to exhibit anti-cancer activity, but are toxic to
humans and their level in the tuber must be regulated carefully. The glycoalkaloids are common constituents
of other members of the Solanaceae family, such as tomato and eggplant. The levels of the abovementioned
secondary metabolites are genetically determined; however, developmental, tissue specific and environmental
cues affect their final content — most relevant for both Israel and Italy are the hot conditions that prevail in the
Mediterranean basin.

To this end the following objectives (as listed in the approved proposal) were addressed: (a) The level of
carotenoid, anthocyanin and glycoalkaloid metabolites and their biosynthetic gene expression were monitored
in a panel of potato genotypes, eggplant introgression and recombinant inbred lines and of tomato mapping
population, including carotenoid- and anthocyanin- enriched clones and their crosses, and divergent crosses
for glycoalkaloid content; (b) Stability of carotenoid, anthocyanin and glycoalkaloid traits in potato were
measured in selected clones under heat stress conditions typical of the Mediterranean region; (c) Potato,
eggplant and tomato lines divergent for their glycoalkaloid content were subjected to metabolomic and
transcriptomic analyses to identify new glycoalkaloid-related genes and QTL for low glycoalkaloid level.

Potato cultivars from Italy and Israel enriched with carotenoids in tuber flesh or with anthocyanins in their peel
or exhibiting whitish peel and tuber flesh, were used to study the effect of high temperature on the level of
anthocyanins, carotenoids and steroidal glycoalkaloids (SGAs) metabolites and the respective biosynthetic
gene expression in the tuber. Gene expression studies, using RNA-seq and qPCR, showed heat-induced down
regulation of specific biosynthetic genes of SGAs, anthocyanin and carotenoids. By mapping the heat
transcriptome with KEGG database we showed that the reduced gene expression was not a global heat response
but affected specific metabolic pathways. Targeted metabolomics indicated that the concentration of potato
SGA metabolites was reduced, in accordance to the transcriptomic data; however the concentration of
anthocyanin pigments remained unchanged probably due to their stabilization in the vacuole. Total carotenoids
level did no change significantly in potato tuber flesh; however their composition was changed.

Overall, results suggest that growth in hot climate may alter tuber secondary metabolism in a selective manner,
altering its nutritive value and the composition of health-promoting components.

In a second major part of the joint project we have been working on several species of the Solanacea family,
more specifically tomato, potato and eggplant to elucidate the biosynthesis and regulation of SGAs. Through
a combination of gene expression and metabolite data we revealed the biosynthetic pathway leading to SGAs
biosynthesis starting from the precursor cholesterol. Metabolic screening of an introgression population
resulted in the identification of 2 genes associated with the biosynthesis of Esculeosides, the major SGAs
produced by ripening tomato fruit. We have also revealed the first component of the regulatory network
controlling the biosynthesis of SGAs in tomato, potato and likely other Solanacea species. A regulatory gene
identified in the course of the project appears to control the biosynthesis of the SGA precursor cholesterol.
Through intensive collaboration with an Italian partner we have made major strides towards the understanding
of SGAs biosynthesis in eggplant. Transgenic plants were generated which are silenced in GAME4, a key gene
in SGAs biosynthesis and their fruit were shown to possess significantly reduced levels of SGAs. We also
generated a large-scale data base that includes metabolite and gene expression data from 77 eggplant tissues
and organs. This data will be of major importance to future work on SGAs and other fruit quality traits in this
important and relative neglected scientifically crop plant.

All together the work on SGAs will have a major scientific impact on our understanding of secondary
metabolism in general and more specifically regarding its role in chemical defense mechanisms. The results
are also important with respect to lowering the levels of anti-nutritional compounds (i.e. SGAS) in crops of the
Solanaceae family as well as for our understanding of other fruit quality traits.



e Achievements

0 Chapter | - ARO-Volcani/HUJI labs: The effect of high soil temperatures on anthocyanin, glycoalkaloids
and carotenoids biosynthetic pathways and metabolite level

Anthocyanin, glycoalkaloids and carotenoids in potato tuber. The peel of potato tuber is made of a periderm
tissue that accumulates protective components. The outer skin cells (phellem) have suberized cell walls, and
the inner parenchyma-like phelloderm accumulate secondary metabolites, among which are the anthocyanins
(in red skin cultivars) and the steroidal glycoalkaloids (SGAS). Yellow cultivars accumulate carotenoids in
their tuber flesh. Hence, defined tuber tissues were used in the present proposal to monitor the target
metabolites.

The experimental setting included growth of potato plants in a greenhouse at the Volcani Center. Heat
treatment was applied 7-weeks after sprout emergence by circulating hot water (33-35°C) in tubes lining the
internal side of the pots. Tubers from heat treatment and control were collected at 8 weeks post sprouting when
the skin and the phelloderm layers can be easily separated from the tuber flesh. RNA extractions and expression
analyses using gPCR and RNA-seq, as well as determination of tuber color and metabolite profiling of
anthocyanins, SGAs and carotenoids were performed as detailed in the original proposal. The main scientific
achievements are detailed below.

1. Heat-induce fading of Desirée tubers red pigmentation and down-regulation of anthocyanin biosynthetic
pathway

The red tint of Desirée tubers was reduced following the heat treatment (Table 1, a* values). In accordance,
RNA-seq by Illumina indicated reduced expression of anthocyanin biosynthetic genes in tuber phelloderm (Fig
1a) which was verified by gPCR (Table 2). Interestingly, HPLC determination of the anthocyanidin and
phenolic acids in the phelloderm (Table 3) indicated no significant change in their levels in that tissue. Please
note that the level of the anthocyanidins pelargonidin and peonidin in the phelloderm is significantly greater —
as expected — than in the skin.

The contradiction between down regulation of the biosynthetic pathway while no change in pigments level
may be explained by stabilization of the anthocyanins in the vacuole. This hypothesis is supported by
unchanged expression level of the vATPase-PH4 — whose ortholog from petunia was shown to regulate
vacuolar acidity and final color of the petals — upon heat treatment (Table 2 and Fig 1a). The fading of the red
tint of the tuber may result from heat induced alteration in skin morphology, as we showed before (Ginzberg
et al., 2009). It was shown by Noda et al. (1994) that cell shape affects the proportion of light that enters it
which in turn affects light absorption by the pigments and hence color intensity.

2. Heat-induce reduction of the steroidal glycoalkaloids chaconine and solanine

Similar approach was conducted with respect to SGA metabolism. Previous reports in the literature indicated
of accumulation of SGA metabolites upon stresses, including heat stress. Our data showed reverse
phenomenon in the phelloderm (the main SGA producing cells in the tuber) — SGA biosynthesis (Fig 1b and
Table 2) and accumulation (Table 4) were reduced upon the heat conditions applied in our system. These
included the HMG1 gene whose expression we showed previously to correlate SGA levels (Ginzberg et al.,
2012) and the newly discovered GAME genes by the group of Aharoni, albeit GAME4 was not reduced
significantly (Table 2). Of the major SGAs of the cultivar Desirée, both chaconine and solanine levels were
reduced, although the later was not statistically significant (Table 4)

3. Heat-induce alteration in carotenoids composition

Transcriptome analysis of genes involved with carotenoid metabolism in Desirée tuber flesh showed mainly
up-regulation or no change in gene expression with only few down regulated genes (Figure 1c). Down
regulation of ZEP with no change in VDE expression was expected to results with accumulation of zeaxanthine,
B-carotene and lutein, and reduction in the levels of antheraxanthin and violaxanthin, compared to untreated
controls. Up-regulation of NXS may result with increase in neoxanthine (Figure 2). This pattern of carotenoid
accumulation was obtained in heat-treated Desirée tuber flesh as expected, but also in the tuber flesh of Melrose
and tuber peel of Andean Sunrise (Figure 3). Total carotenoid levels remained the same or increased upon the
heat exposure (Figure 3), suggesting that heat stress may alter carotenoid composition with no reduction in
total level.



4. Heat-induce alteration was limited to specific metabolic branches

To test that the above described down regulated pathways are not a result of heat-induced down regulation of
global tuber phelloderm and flesh transcriptomes, our sequence data was aligned against the KEGG database
and respective pathway maps were prepared. The phenylpropanoid pathway from which the anthocyanin
pathway is branching (Figures 4a and 4b, respectively), the mevalonate/phytosterol pathways from which the
SGA biosynthesis is branching (Figure 4c), and the carotenoid biosynthesis (Figure 4d). Most of the pathways
that provide precursors for the anthocyanins, SGAs and tuber carotenoids, are not altered by the heat treatment
(Figure 4), but the specific biosynthetic steps of the tested metabolites.

0 Chapter Il - Weizman lab: Elucidation and manipulation of the glycoalkaloid pathway in tubers and fruit
of solanaceae family crop species

1. Gene Discovery of SGAs pathway genes in tomato

As part of task no. 6 we carried out transcriptome analysis of tomato tissues (all together 21 different tissues)
by RNAseq. The data from tomato was used for co-expression analysis in which the previously identified SGA
genes were used as baits. We also generated similar co-expression data in potato (publically available),
employing the same gene baits as in tomato, to identify SGA genes in potato. Thus, we ended up with a list of
genes that were highly co-expressed with the same gene baits in both tomato and potato. This list pointed us
to the discovery that the SGAs pathway genes in the Solanacea family are positioned in metabolic gene
clusters. In potato and tomato these are in chromosome 7 and chromosome 12. All together we could identify
10 genes involved in the pathway. In tomato they include 4 cytochrome p450s (GAME4, 6, 7, and 8); 4
glycosyltransferases (GAMEL, 2, 17 and 18); a dioxygenase (GAME 11) and a transaminase (GAME12) (see
Figure 5). The genes were characterized through VIGS analyses in tomato, enzyme assays of recombinant
proteins in E.coli and in stable transgenic lines. In one example, we generated tomatine from tomatidine by
combining tomatidine in a single reaction tube with UDP -glucose, -galactose and —galactose and the 4
recombinant glycosyltransferase enzymes (i.e. GAME 1, 2, 17 and 18; see Figure 6).

Some specialized plant metabolites, particularly terpenoids, are the result of activities from clusters of genes.
The existence of metabolic gene clusters raises questions regarding the advantages of such genomic
organization. Reducing the distance between loci, resulting in coinheritance of advantageous combinations of
alleles, may be one benefit of clustering. Clustering glycosyltransferases and core pathway genes, as observed
here for SGAs, could maintain allelic combinations that support the metabolic outcome needed by the plant
and reduce formation of phytotoxic, aglycone, compounds. We found that the regions of coexpressed genes in
both chromosomes (i.e., 7 and 12) were flanked by similarly annotated genes and positioned identically along
the genome, although poorly coexpressed with GAME1/SGT1 and GAME4 and likely not related to SGAs
metabolism. This suggests a duplication event that facilitated the positioning alongside on chromosome 12 of
GAME4 and GAME12, both STSs-SGAs branch point genes. Subsequent evolution of enzyme function of
this gene pair likely allowed plants in the Solanaceae family to start producing the nitrogen containing steroidal
alkaloids.

Furthermore, using the newly identified genes we have shown that SGA levels can be severely reduced in
potato tubers by modifying expression of an enzyme in the biosynthetic pathway. The lack of SGAs in such
plants might make them sensitive to biotic stress and the increased production of STSs (as occurred in GAME4-
silenced plants), which are non-toxic to warm-blooded species, including humans, might provide a
compensatory defense mechanism. The findings open the way for developing new strategies, through genetic
engineering or more classical breeding programs, to reduce quantities of the antinutritional SGAs in key crops
of the Solanaceae including potato, tomato, and eggplant. At the same time, it pro-vides a platform for studying
the SGA and STS biosynthetic pathways, transport and regulatory systems that control the production of
thousands of these chemicals in specific plant lineages.

2. Deciphering the biosynthesis of Esculeoside A

Previous work in the lab proposed a new pathway for tomatine catabolism and formation of modified SGAs
during fruit development and ripening. While in the green tomato fruit a-tomatine is the most abundant SGA,
esculeosides and lycoperosides are predominant in the red ripe stage (Figure 8). Total SGAs content remains
constant across fruit ripening and this suggested that the entire pool of a-tomatine is converted during this
process to the latter compounds. Elucidation of tomato lycoperosides and esculeosides structures revealed
hydroxylation, acetylation and glycosylation on the aglycone.
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In recent years several groups suggested possible pathway intermediates through which a-tomatine is
converted to lycoperosides and esculeosides in the course of fruit maturation in tomato Figure 8B). It has also
been reported that the majority of pathway reactions in fruit leading to esculeosides formation are independent
from the ripening regulatory system and ethylene. In contrast, in non-ripening (nor) and ripening-inhibitor
(rin) tomato mutants that display altered ripening, levels of esculeoside A were decreased, yet, they exhibited
an increased content of upstream acetylated and glycosylated intermediates. This suggested that the
glycosylation step in which acetoxy-hydroxytomatine is converted to esculeoside A and further modifications
towards lycopersoides formation are associated with ethylene and ripening regulated events (Figure 8). To
date, however, no genes or enzymes have been reported that were associated with this pathway.

3. SGAs profiling of leaf extracts derived from a backcross introgression lines (BILs) population and
identification of the GAME31 candidate, a putative 2-oxoglutarate-dependant dioxygenase

To profile a set of 8 different SGAs in the 620 lines backcross introgression lines (BILs; Figure 9) we first
developed a rapid (10 minutes long gradient per sample), highly sensitive and selective targeted method using
an Ultra Performance-LC triple-quadropole MS (UPLC-qqgq-MS) in the multiple reaction monitoring mode. A
method for SGAs extraction from leaves was adapted from Schilmiller et al. (2012) and used for efficient
preparation of BILs samples. Eight SGAs were analyzed using UPLC-qgq-MS across the entire population
and 11 regions that contained the most significant changes in one or more SGAs were identified. One of the
significant introgressed regions in which we detected increased hydroxy- and acetoxy-hydroxy- tomatine
contained a minimal set of 17 genes among them 4 homologs of the 2-oxoglutarate-dependant dioxygenases.
Member of this family of oxygenases/hydroxylases could likely perform the hydroxylation reaction predicted
on the a-Tomatine backbone. Analyzing the publically available transcriptome data of the 77 ILs provided
evidence that one of the 4 tandem dioxygenases is underlying the change in hydroxy- and acetoxyhydroxy-
tomatine levels (see Figure 8). Expression of the specific dioxygenase (i.e. GAME31) was most dramatically
elevated in the IL2.1 encompassing the altered introgression region of interest (other 3 dioxygenase homologs
did not change in expression between ILs). We are currently investigating the genome sequence of GAME31
to identify a sequence change associated with its altered expression.

4. ldentification of the GAMES5 UDP-glycosyltransferase putatively catalyzing Esculeoside A formation in
ripening tomato fruit

Apart from GAME31 we currently have evidence that GAMEDS, a putative UDP-glycosyltransefrase, is the
enzyme responsible for the reaction in which acetoxy-hydroxytomatine is converted to Esculeoside A through
glycosylation on the side chain (see Figure 8). As mentioned above, this glycosylation step and further
modifications towards esculeosides and lycoperosides formation are associated with ethylene and ripening
regulated events. Indeed, experiments in our lab and others observed that GAMES or the ERTL1 transcript (the
ERT1 sequence corresponds to GAMES; Picton et al. 1993), increased during the ripening of wild-type fruit
and showed reduced accumulation in the ripening rin mutant fruit. Virus Induced Gene Silencing (VIGS)
experiments in which a large number of UDP-glycosyltransferases have been screened by the A. Bovy and J.
Beekwilder lab (WUR, The Netherlands), detected that silencing of GAMEDS in fruit results in decreased levels
of Esculeoside A and at the same time an increase in its putative substrate acetoxy-hydroxytomatine (data not
shown). In addition, in collaboration with the Beekwilder lab we showed that the recombinant GAMES
produced in E.coli cell could perform the same reaction in vitro (Figure 10).

5. The a-Tomatine catabolic pathway is blocked in the ‘bitter’ fruit accession

In preliminary analysis we have shown that a-Tomatine accumulates in the red, ripe fruit of the tomato
accession possessing a bitter flavor (identified by the Zamir lab, HUJI), mainly in the fruit peel/skin tissue.
Segregation analysis of a cross between the bitter and sweet accessions demonstrated tight correlation between
the accumulation of a-Tomatine and bitterness. It also suggested a single recessive mutation. The pathway
starting from o-Tomatine is most likely blocked or modified in the reaction catalyzing the conversion of
acetoxy-hydroxytomatine to Esculeoside A (see Figure 11). Principal component analysis of peel tissue
derived from bitter and sweet fruit representing mass signals from non-targeted LC-MS analysis demonstrated
that the ‘bitter’ phenotype is associated with mid to late stages of fruit development and ripening (Figure 12).

6. Performing large-scale transcriptome and metabolomics analyses of 77 different tissues of eggplant.

In this project, we have characterized both the transcriptome and the metabolome of the aubergine (Solanum
melonga) plants. To this end, 81 tissues of S. melongena cv. DR2 plants were obtained from the group of Prof.
Rotino. The tissue samples arrived to our lab in dry ice and were kept frozen until processed. The tissues were
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grinded in liquid nitrogen and two aliquots were prepared. On one hand, exactly 100mg +2mg from each tissue
were kept for metabolites extraction, while a second aliquot (100 to 150mg) was kept for RNA extraction.

Eggplant Metabolomics:

Semipolar and polar metabolites from 76 tissues were extracted using our standard extraction procedure.
Metabolites from the five developmental stages of eggplant seeds were not extracted. Briefly, 100mg £2mg
frozen and grinded tissues were extracted with 300ul 80% methanol, supplemented with 0.1% formic acid,
followed by 20min. sonication. The samples were then cleared by centrifugation (10min. at maximum speed),
and filtered through 0.22 um membrane syringe filters. The samples were then analyzed using UPLC-qTOF
mass spectrometry in positive modes. In a non-targeted approach, 485 mass signals were detected from which
84 were putatively identified and additionally 13 steroidal glycolkaloids and saponins were clearly identified
(Figure 13).

Eqggplant transcriptomics:

RNA from all 81 tissues was extracted using the standard tri-reagent method. RNA samples were then used to
create RNAseq libraries. The obtained libraries were aligned to the recently published aubergine genome. A
total of 11 700 transcripts were detected with a significant expression level. Among these, we identified 12
genes that are homologues to the genes characterized in our previous work, which are involved in the
metabolism of steroidal glycoalkaloids (Figure 13).

Correlation analysis of the transcripts and metabolites related to steroidal glycol-alkaloids/saponins:

The data obtained from the analysis above was analysed to decipher the metabolic pathway of the aubergine’s
glycolalkaloids/saponins. To present these data, heat maps showing the abundance of the transcripts and
metabolites involved were generated (Figure 8). In these data sets, we observed that the genes involved in
glycolalkaloid/saponin metabolism cluster in two groups, and notably, the glycol-alkaloids and the saponins
also cluster separately. Interestingly, it appears that the genes of the group #1 are expressed mainly in flower
tissues where saponins accumulate, while the genes of the group #2 are expressed mainly in fruit tissues where
glycolalkaloids accumulate (Figure 13).

7. GAMED9 regulates steroidal alkaloid biosynthesis through activation of the cholesterol precursor pathway

Steroidal glycoalkaloids (SGAs) are cholesterol-derived defense compounds. We discovered that
GLYCOALKALOID METABOLISM 9 (GAMEY), an APETALAZ2/Ethylene Response Factor, related to
regulators of alkaloid production in tobacco and Catharanthus roseus, controls Solanaceae SGAs biosynthesis.
GAME9 knockdown and over-expression in tomato and potato altered expression of SGAs pathway genes and
the recently reported cholesterol biosynthesis gene STEROL SIDE CHAIN REDUCTASE 2 (SSR2). Levels of
SGAs, C24-alkylsterols and the upstream mevalonate and cholesterol pathways intermediates were modified
in these plants (Figure 14). A GAMED9 direct target was functionally characterized and shown to act as a A(7)-
STEROL-C5(6)-DESATURASE (C-5 SD) in the hitherto unresolved cholesterol pathway. GAME9 exerts its
activity through additional interacting and/or downstream regulators besides directly controlling the SSR2 and
C-5 SD cholesterol precursor pathway genes. Our findings provide insight into the regulation of SGAS
biosynthesis and means for manipulation of these metabolites in crops.

8. Deciphering SGA biosynthetic pathway in Solanaceae.

The work in the past year provided the bases for deciphering the metabolic pathway through which steroidal
glycoalkaloids (SGASs) are being modified in the course of fruit development and ripening. We have likely
identified a putative dioxygenase enzyme (GAME31) that catalyses the hydroxylation of tomatine, the major
SGA in tomato. GAME3L1 conducts the first step in the modification of SGAs but the pathway to the ripening
accumulating Esculeoside A requires several additional enzymes. GAMEDS, a glycosyltransferase gene
showing a ripening-regulated expression pattern was identified in the course of the study as a likely candidate
to perform the conversion of acetoxyhydroxytomatine to Esculeoside A. Apart from tomato, we have also been
working with another member of the Solanaceae family that produces SGAs. In collaboration with the lab of
Giuseppe Rotino in Italy we have prepared RNAseq libraries out of 77 different eggplant plant tissues and
organs. The transcriptome analysis appeared successful and together with the metabolomics data (largely
secondary metabolites) on the same samples we currently possess an excellent data set and infrastructure to
start elucidating the biosynthesis of solmagrine and solasodine, the typical SGAs produced by eggplant that
also provide its fruit with a bitter taste.



o Tables

Table 1. Evaluation of Desirée red tint following heat (H) treated and control (C).
The color of the tubers was monitored using a portable spectrophotometer and
evaluated in terms of the L*a*b* model (L*, brightness; a*, red tint; b*, yellow
tint). Values are an average of around 20 tubers. Data were analyzed for statistical
significance among means by Tukey HSD test; values followed by different
letters are significantly different (P < 0.05).

Tuber color
L* ax b*
C 46.63B 185A 13.83B
H 48.08A 15.87B 154 A

Table 2. Expression profile of anthocyanin and SGA biosynthetic genes and
regulators in the phelloderm of Desirée tubers exposed to heat treatment (H) and
controls (C). Gene transcription was monitored by gPCR and the expression
levels were determined relative to a reference gene Nac. Values are an average
of 8-9 plants. Data were analyzed for statistical significance among means by
Student's t test; values followed by different letters are significantly different (P
<0.05).

Phelloderm
C H

Anthocyanin biosynthetic genes
CHS 150A 043B
CHI 127A  149A
F3H 1.80A 0.66B
F35H 207A 0.65B
DFR 099A 041B
ANS 157A 0.89B
3GT 1.87A 098B
RT 1.07A 098B
AN11 0.77B 1.60 A
JAF13 1.01B 1.78 A
VATPase 0.63B 1.22 A
Glycoalkaloid biosynthetic genes
HMG1 212A 0.73B
SQS1 130A 143A
CAS 137A 095A
GAMEA4 142A 0.75A
GAMES8a 154A 061B
GAME11 156 A 0.33B
GAME12 176 A 055B
SGT1 198A 0.80B
SGT2 1.87A 165A
SGT3 155A 040B
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Table 3. Level of anthocyanins, flavonols and phenolic acids (peak area/gFW /10°) in
the skin and phelloderm of Desirée tubers exposed to heat treatment (H) and controls
(C) during experimental year 2013. Values are an average of 8-9 plants +SE

Phelloderm

C H
Anthocyanins
Pelargonidin 1320+167  1226+129
Peonidin 94+9 81+7

Phenolic acids
Chlorogenic acid like  469+44 438+30

Caffeic acid 1356+96 1359+97
Coumaric acid 349+36 401+22
Ferulic acid like 457+38 526126
Hydroxycinnamic

acid 2506£204  2427+199

Total phenolic acid
[including undefined] 5873+476  5968+394

Flavonol
Kaempferol 67+5.4 54+4.5

Table 4. Level of SGA metabolites in the peel of Desirée tubers exposed to heat
treatment for 11 days (H) and controls (C). Values are an average of 3 plants. Data (in
columns) were analyzed for statistical significance among means by Student's t-test;
values followed by different letters are significantly different (P < 0.05).

Treatment SGA mg/1gFW
. . Total
Solanine  Chaconine SGA
C 5294 A 11881 A 171.75A
H 37.88 A 85.48B 123.36B
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Figure 1. Heat maps showing expression fold
change of anthocyanin (a) SGAs (b) and
carotenoids (c) biosynthetic and regulatory genes
in each tuber tissue, comparing heat treatment and
control. Please note Phd column for (a) and (b) and
TF column for (c). Data was obtained by Illumina
RNA-seq; statistical significance of padj<0.1.

Lower panel at (a) shows fresh cut section of tuber
peel with anthocyanin accumulation in the
phelloderm. TF=tuber flesh, Phd=phelloderm,
S=skin
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Figure 6. Invitro generation of a-tomatine from
tomatidine with the 4 identified recombinant
glycosyltransefrases. Tomatidine and the
corresponding UDP-sugars were reacted in the
same tube with the 4 recombinant GAME
proteins and o-tomatine could be identified
using its standard (lower chromatogram). LC-
MS was used for the analysis.

Figure 7. Reducing the levels of toxic
glycoalkaloids in potato tubers. Tubers of
transgenic lines (marked as numbers) silenced
for the GAMEA4 gene through RNA interference
display dramatically reduced levels as
compared to wild type (wt 1-3) tubers. The
analysis of chaconine and solanine was
performed by LC-MS.
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Figure 8. Known and predicted pathways, structural and regulatory genes involved in the biosynthesis of
modified steroidal glycoalkaloids (SGASs). In (A), the biosynthetic pathway leading to the formation of
modified a-Tomatine metabolites (i.e. esculeosides and lycoperosides) consists of 3 main parts including (i)
through the mevalonic acid pathway (MVA) to cholesterol, (ii) from cholesterol to the aglycone tomatidine
and its glycosylation at the Cs position to form a-Tomatine , and (iii) modification of a-Tomatine to form
esculeosides and lycoperosides. The pathway up to acetoxy-hydroxytomatine (intermediate detected in leaves
and green fruit) appears to be independent of the fruit ripening control machinery while ripening regulators
such as RIN, NOR and AP2a might be those directly or indirectly controlling the steps downstream of
acetoxytomatine towards the esculeosides and lycoperosides in late fruit maturation. These transcription
factors might be controlling GAMES and GAMES3L that are planned to be characterized in the project. Our
working hypothesis is that also late in fruit maturation, the repression of genes associated with cholesterol to
a-Tomatine up to acetoxy-hydroxytomatine is mediated by the ripening machinery. In (B), modification of a-
Tomatine involves multiple yet undescribed enzymes; two primary candidates GAMES and GAME31,
representing a glycosyltransferase and a dioxygenase, were discovered and characterized in the course of the
project. The pathway was predicted by our lab according to metabolic profiling data along fruit development.
The intermediates are at maximum level in the indicated fruit stages but are still present in other stages albeit
in reduced levels.
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Figure 9. Identification of the GAME31 (dioxygenase) candidate using a tomato backcross introgression lines
(BILs) population to unravel the a-Tomatine to esculeoside and lycoperosides pathway. In the upper panel, an
example of an hypothetical line in the BIL population carrying multiple introgressed segments is presented.
Red and green colors represent the cultivated and wild tomato genome segments, respectively. Bottom panel;
expression one of the tandem 4 dioxygenases is dramatically elevated in the IL2.1 containing the introgressed
region impacting hydroxyl- and acetoxy- tomatine levels in leaves.
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Figure 10. The recombinant GAMES produced in E.coli cells glycosylates acetoxy-hydroxytomatine and forms
Esculeoside A in vitro. Esculeoside A (arrow) is formed in the reaction containing the GAMES recombinant
enzyme as well as the acetoxy-hydroxytomatine substrate. The retention time and spectra of the Esculeoside
A in the reaction matches the one of the standard (lower chromatogram).
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Figure 11. Metabolic analysis of the “bitter’ accession red fruit demonstrates the block point in a-Tomatine
catabolism. Fruit of the bitter and a sweet accession at the red stage were analyzed for intermediates in the a-
Tomatine catabolic pathway. The bitter fruit accumulates a-Tomatine and metabolic intermediates up to and
including Acetoxy-hydroxytomatine. The reaction in which Acetoxy-hydroxytomatine is converted to
Esculeoside A is likely blocked (metabolite names boxed). Esculeoside A and downstream esculeosides (and
lycoperosides, not shown) hardly accumulate in the bitter fruit accession. Samples were obtained from a red
stage fruit and analyzed by high-resolution LC-MS.

Figure 12. Principal component "1 sweet-MG
analysis demonstrated that the ‘bitter’ )
henotype is associated with mid to 7 7 AN -
Fate stggg)es of fruit development and sweet-RR y _:j':/ \'&'T/Fdr MG
ripening. Mass signals profiles were Q TF4-BraX )
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analysis of peel tissue derived from |° o o o ! & o
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02 4 A

bitter x sweet accessions with bitter F4-RR |

flavor) and sweet fruit. The analysis e
demonstrated  that the  ‘bitter’
phenotype is associated with mid to bitter-RR
late stages of fruit development and

ripening. Note that breaker and red
stages were well separated between bitter and sweet samples while samples from the mature green stage (MG)
were not separated by the PCA. Samples were analyzed by high-resolution LC-MS (n = 4).
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Figure 13: Heat map representing the hierarchical clustering of expression level of the genes previously
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metabolites obtained by UPLC-gTOF-MS analysis Yellow, higher gene expression or metabolite abundance,
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Figure 14. Changes in GAME9 expression in potato and tomato results in altered levels of the predominant
SGAs.

(a) GAMED9 gene expression (QRT-PCR) in GAME9-Ox and GAME9-RNA.i lines in potato and tomato.

(b) Levels of a-solanine and a-chaconine in leaves and peel of potato tubers of GAME9-Ox lines and levels of
a-tomatine in leaves of GAME9-RNAI and GAME9-Ox tomato lines.

Values represent means + standard errors (n=3). Student’s t-test was used to assess whether the transgenic
lines significantly differ from wild-type plants: ***P value < 0.001.
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0 Details of cooperation

Within the planned collaboration with the Italian group from CRA-CIN, potato cultivars enriched with
carotenoids including the Melrose that was developed by Dr. Mandolino, were imported to Israel and were
included in the experimental system.

The ARO-Volcani/HUJI groups worked cooperatively to fulfill the objectives of the project. Dr. Ginzberg
grew the potato cultivars under controlled conditions in a greenhouse, sampled the specific tuber tissues and
delivered them to the Israeli collaborators for the required analyses. Expression analysis of anthocyanin and
glycoalkaloids biosynthetic genes was performed by the group of Dr. Ginzberg, including new discovered
SGA genes by the group of Aharoni within the frame of the present project. Carotenoid analysis was performed
by Prof. Hirschberg and anthocyanin pigment profiling was done by the group of Dr. Oren-Shamir.

We have received seeds of transgenic eggplant plants that possess RNAI of GAME 4. These plants are now
growing and will be examined for changes in SGAs. In addition, the Rotino lab sent us samples of 76 tissues
of eggplant from which we have isolated RNA and will perform transcriptome analysis with. The Rotino lab
obtains information from the Aharoni lab regarding new SGAs genes identified in tomato and potato so they
can be investigated in eggplant.

In addition, the Israeli and the Italian collaborators met each year to summarize the yearly achievements and
to coordinate the next experimental year. Meetings in 2012 and 2014 took place in Israel (Hebrew University
of Jerusalem and ARO, the Volcani Center, respectively), and in 2013 and 2015 in Italy (CRA-Rome and
CRA-Milano, respectively).
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Steroidal glycoalkaloids (SGAs) such as a-solanine found in Solanaceous food
plants—as, for example, potato—are antinutritional factors for humans.
Comparative coexpression analysis between tomato and potato coupled to
chemical profiling revealed an array of 10 genes that partake in SGA biosynthesis.
We discovered that six of them exist as a cluster on chromosome 7 while an
additional two are adjacent in a duplicated genomic region on chromosome 12.
Following systematic functional analysis, we suggest a revised SGA biosynthetic
pathway starting from cholesterol up to the tetrasaccharide moiety linked to the
tomato SGA aglycone. Silencing GLYCOALKALOID METABOLISM 4 prevented
accumulation of SGAs in potato tubers and tomato fruit. This may provide a means
for removal of unsafe, antinutritional substances present in these widely used food

tion of the alkamine tomatidine (9).
Cholesterol is the proposed common
precursor for biosynthesis of both ste-

roidal alkaloids (SAs) and non-
nitrogenous steroidal saponins (STSs)
(Fig. 1 and fig. S1) (1/0). Conversion of
cholesterol to the alkamine SA should
require several hydroxylation, oxidation
and transamination reactions (/0).
Here, we identify genes encoding en-
zymes performing the conversion of
cholesterol to SGAs and use them to
engineer Solanaceae plants with re-
duced SGA content.

To discover genes associated with
SGA biosynthesis, we carried out coex-
pression analysis using transcriptome
data from tomato and potato plants
(11). Sixteen genes from each species
were coexpressed with GAME1/SGTI
(Fig. 2). One of these genes, which we
named GLYCOALKALOID
METABOLISM 4 (GAME4), encodes a
member of the 88D subfamily of cyto-
chrome P450 proteins (fig. S2).
GAME4 and GAMEI1/SGTI display a
very similar expression profile in toma-
to and potato (fig. S3, B and C, and fig.
S4). We then discovered that the
GAMEI1/SGTI and GAME4 genes in
tomato and potato are positioned in
chromosomes 7 and 12, respectively,

crops.

Our demand for more and better food continues to increase. Improved
nutritional qualities as well as removal of antinutritional traits are both
needed. Various approaches have been used to add nutritional qualities
to food crops. We focus here on reducing the level of endogenous, an-
tinutritional factors in existing crops (/). Antinutritional substances
range from lethal toxins to compounds that disrupt digestion and nutrient
absorption (2). In the course of crop domestication, levels of antinutri-
ents were reduced by selection and/or breeding, although some of such
substances remain in the general food source. In addition, wild
germplasm, which can be useful as a source of novel traits such as path-
ogen resistance, may also be complicated by co-occurrence of antinutri-
tional compounds that need to be removed. Current technologies include
extensive backcrossing, which can be a slow and imperfect process (3).
Steroidal glycoalkaloids (SGAs), found in staple vegetable crops
such as potato (Solanum tuberosum) and tomato (S. [ycopersicum), are a
class of antinutritional substances that remain in our food chain and daily
diet (4). The glycoalkaloids a-solanine (5) and a-chaconine are the prin-
ciple toxic substances in potato. These SGAs cause gastrointestinal and
neurological disorders and, at high concentrations, may be lethal to hu-
mans. Mechanisms of toxicity include disruption of membranes and
inhibition of acetylcholine esterase activity (6). For this reason, total
SGA levels exceeding 200 mg per kilogram fresh weight of edible tuber
are deemed unsafe for human consumption (7). SGA biosynthesis re-
quires genes encoding UDP-glycosyltransferases (UGTs) that decorate
the steroidal alkaloid (SA) skeleton with various sugar moieties (8, 9).
The tomato GLYCOALKALOID METABOLISM 1 (GAMELI) glyco-
syltransferase, a homolog of the potato SGT1 (8), catalyzes galactosyla-

such that they are physically next to
several of their coexpressed genes (Fig.
3).

A cluster of GAME1/SGTI coex-
pressed genes spans a ~200 Kbp genomic region on chromosome seven.
Together with GAME 1, the tomato cluster is composed of 7 coexpressed
genes. These include, 3 UDP-glycosyltransferases [GAME2 (termed
SGT3 in potato); GAME17 and GAMEIS8], a cytochrome P450 of the
72A subfamily (GAMEG), a 2-oxoglutarate—dependent dioxygenase
(GAMEI1), and a cellulose synthase-like protein. It appears that in pota-
to this cluster contains 5 coexpressed genes as it lacks homologs of the
tomato GAME17 and GAMEI18 UDP-glycosyltransferases. We per-
formed enzyme activity assays with the four recombinant clustered to-
mato UDP-glycosyltransferases. GAME17 and GAMEI8 exhibited
UDP-glucosyltransferase activity when incubated with tomatidine galac-
toside (T-Gal) and y-tomatine (T-Gal-Glu) as a substrate, respectively,
whereas GAME2 was shown to have an UDP-xylosyltransferase activity
when incubated with f/-tomatine (T-Gal-Glu-Glu) as a substrate (Fig. 4,
F to H, and fig. S5). GAMEI was previously shown to act as a tomatid-
ine UDP-galactosyltransferase in tomato (9). When incubating the 4
recombinant UGT enzymes in a single test tube, with tomatidine, and all
glycoside donors (UDP -galactose, -glucose and -xylose), we observed
the accumulation of the final SGA product a-tomatine (Fig. 4I and fig.
S5). The role of GAMEIS in creating the tetrasaccharide moiety of o-
tomatine was supported by Virus Induced Gene Silencing (VIGS) assays
as GAME18-silenced fruit accumulated y-tomatine which was not pre-
sent in the control sample (fig. S6, A to E). Analysis of the VIGS-
silenced leaves of GAMEL1, a putative dioxygenase in the cluster, re-
vealed a significant reduction in o-tomatine levels and accumulation of
several cholestanol-type steroidal saponins, confirming its function in
the SGA pathway (Fig. 4B and fig. S6, F to I). Additionally, GAMES,
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encoded by another cluster gene, was previously suggested to be associ-
ated with SGA metabolism (/2).

GAME4 and a putative transaminase (GAME]2) that was highly co-
expressed were positioned alongside on chromosome 12 of both species
(Fig. 3). Silencing GAME4 in potato by RNAi (GAME4i plants), showed
up to 74 times reduction in the levels of a-solanine/chaconine and other
SGAs in both leaves and tubers (fig. S7, A to E). In the dark, normal
quantities of a-solanine and a-chaconine are 200 and 370 mg/kg, respec-
tively (fig. S7C). After light exposure, levels of o-solanine and o-
chaconine increase in tuber skin and quantities are 510 and 870 mg/kg,
respectively. With the GAMFE4 gene silenced, the concentrations of both
a-solanine and a-chaconine remained below 5 mg/kg and did not change
with light exposure (fig. S7, C to E).

In the domesticated tomato, the dominant SGA in leaves and mature
green fruit is a-tomatine that was reduced ~100-fold in GAME4i plants
(figs. S7F and S8, and table S14). During the transition from green to red
fruit, o-tomatine is converted to lycoperosides and esculeosides. These
two classes of compounds represent hydroxylated, glycosylated, and
often acetylated o-tomatine derivatives (/3). Hence, reduced a-tomatine
accumulation in the green fruit stage resulted in reduced accumulation of
lycoperosides and esculeosides in the red-ripe fruit stage (fig. S7G).
Complementary results were obtained in GAME4-overexpressing tomato
plant leaves (GAME4oe) as they accumulated 2.5 times more o-tomatine
than the controls (fig. S8B). Furthermore, GAME4oe red-ripe fruit ex-
hibited 2.9 times more esculeoside A (fig. S8C), demonstrating once
more the central role of GAME4 in SGAs biosynthesis. It appeared that
SGA precursors [i.e., cholesterol, cycloartenol and (S)-2,3-
oxidosqualene] and the phytosterols campesterol and B-sitosterol, accu-
mulated in leaves of GAME4-silenced tomato plants (fig. S9). Despite
altered phytosterol levels, GAME4-silenced plants were not affected in
their morphology under the conditions examined in this study (/4).
Tomato and potato GAME4i plants with decreased levels of SGAs ac-
cumulated nitrogen-lacking compounds identified as steroidal saponins
(STSs) (fig. S7, H and 1, and fig. S10). Greater reduction in SGAs corre-
lated with greater accumulation of STSs (fig. S7, D, E, H and I). Levels
of STSs were significantly induced by light in several wild-type and
GAMEA4i lines examined (fig. S7, H and I). These results indicate that
SGAs and STSs originate from the same precursor, and that GAME4 is
positioned in a branch point prior to the incorporation of nitrogen for
SGA generation in the diverging biosynthetic pathways that produce
these two classes of steroidal compounds (Fig. 1 and fig. S1).

GAME ]2 (transaminase) silenced tomato leaves were found enriched
with a furostanol-type saponin (Fig. 4D and fig. S6, J to M), suggesting
additional hydroxylation of its accumulated substrate. We also function-
ally examined genes that were tightly coexpressed and positioned else-
where in the genome that belong to the CYP72 subfamily of cytochrome
P450s (i.e., GAME7 and GAMES). GAME7 was coexpressed in both
species while StGAMES8a and StGAMESb were strongly coexpressed
with StSGTI and StGAME4 in potato. At present, we could not demon-
strate SGA-related activity for GAME?7 although as for GAMES it was
suggested to be involved in SGA metabolism (/2). Yet, GAMES-
silenced tomato leaves accumulated 22-(R)-hydroxycholesterol (fig. S6N
to S6Q), a proposed intermediate in the SGA biosynthetic pathway (Fig.
D).

The above findings allowed us to propose a pathway from cholester-
ol to o-tomatine. Cholesterol is hydroxylated at C22 by GAME7 (12)
followed by GAMES hydroxylation at the C26 position (Fig. 1). The
22,26-dihydroxycholesterol is than hydroxylated at C16 and oxidized at
C22 followed by closure of the £-ring by GAME11 and GAME®G to form
the furostanol-type aglycone. This order of reactions is supported by the
accumulation of cholestanol-type saponins, lacking hydroxylation at C16
and the hemi-acetal E-ring when silencing GAME!1 (Fig. S6, F to 1).
The furostanol-intermediate is oxidized by GAME4 to its 26-aldehyde

which is the substrate for transamination catalyzed by GAME12. Nucle-
ophilic attack of the amino-nitrogen at C22 leads to the formation of
tomatidenol which is dehydrogenated to tomatidine. Tomatidine is sub-
sequently converted by GAMEL1 to T-Gal (9). T-Gal in its turn is gluco-
sylated by GAME17 into y-tomatine, which is further glucosylated by
GAMEI18 to pl-tomatine that is finally converted to o-tomatine by
GAME?2 (Fig. 1).

Some specialized plant metabolites, particularly terpenoids, are the
result of activities from clusters of genes (15, 16). The existence of met-
abolic gene clusters raises questions regarding the advantages of such
genomic organization (/7). Reducing the distance between loci, resulting
in coinheritance of advantageous combinations of alleles, may be one
benefit of clustering (/7). Clustering glycosyltransferases and core
pathway genes, as observed here for SGAs, could maintain allelic com-
binations that support the metabolic outcome needed by the plant and
reduce formation of phytotoxic, aglycone, compounds (9, /8). We found
that the regions of coexpressed genes in both chromosomes (i.e., 7 and
12) were flanked by similarly annotated genes and positioned identically
along the genome, although poorly coexpressed with GAME1/SGTI and
GAME4 and likely not related to SGAs metabolism (fig. S11 and table
S13). This suggests a duplication event that facilitated the positioning
alongside on chromosome 12 of GAME4 and GAME]I2, both STSs-
SGAs branch point genes. Subsequent evolution of enzyme function of
this gene pair likely allowed plants in the Solanaceae family to start
producing the nitrogen containing steroidal alkaloids.

We have shown that SGA levels can be severely reduced in potato
tubers by modifying expression of an enzyme in the biosynthetic path-
way. The lack of SGAs in such plants might make them sensitive to
biotic stress and the increased production of STSs (as occurred in
GAME4-silenced plants), which are non-toxic to warm-blooded species,
including humans (79), might provide a compensatory defense mecha-
nism (20). The findings open the way for developing new strategies,
through genetic engineering or more classical breeding programs, to
reduce quantities of the antinutritional SGAs in key crops of the Sola-
naceae including potato, tomato, and eggplant. At the same time, it pro-
vides a platform for studying the SGA and STS biosynthetic pathways,
transport and regulatory systems that control the production of thousands
of these chemicals in specific plant lineages.
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Fig. 1. Biosynthesis of steroidal alkaloids and saponins in the triterpenoid biosynthetic pathway in
Solanaceae plants. Suggested biosynthetic pathway from cholesterol toward a-tomatine. Dashed and solid
arrows represent multiple or single enzymatic reactions in the pathway, respectively. The proposed activity of
GAME1, GAME4 and GAMES8 was supported by investigating transgenic plants, of GAME11, GAME12 and
GAME18 by Virus Induced Gene Silencing (VIGS) assays and of GAME1, GAME17, GAME18 and GAME2
by activity assays of the recombinant enzymes.
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Fig. 2. Steroidal alkaloids gene discovery through coexpression
network analysis in Solanaceae plants. Shared homologs of coexpressed
genes for 'baits' from tomato (SIGAME1 and SIGAME4) and potato (StSGT1
and StGAME4). Continuous (r-value > 0.8) and dashed (r-value > 0.63) lines
connect coexpressed genes. *, located in the tomato or potato chromosome 7
cluster. St, Solanum tuberosum; Sl, S. lycopersicum. Color background of
gene names corresponds to bait they were found to be coexpressed with
(legend above). For more details see tables S1 to S10. SP, serine proteinase;
Pl, proteinase inhibitor; UPL, ubiquitin protein ligase; ELP, extensin-like
protein; PK, protein kinase; SR, sterol reductase; RL, receptor-like.
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Fig. 3. Schematic map of genes identified in the duplicated genomic regions in tomato and potato and
their coexpression. Coexpression with GAME1/SGT1 (chr. 7) and GAME4 (chr. 12) as baits in either potato or
tomato are presented in a form of a heatmap (table S12). Specific gene families are indicated by colored arrows
while members of other gene families are in white arrows. Note the homology in genes flanking the high
coexpression regions and positioned in a matching sequence along the genome, suggesting common origin of
the regions on both chromosomes (see fig. S11).
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Fig. 4. Functional analysis of
tomato GAME genes. (A) GAMES-
silenced transgenic (RNAIi) leaves
accumulated 22-(R)-
hydroxycholesterol compared to wild
type. (B) An array of cholestanol-

type steroidal saponins (STSs)
accumulates in GAME11 VIGS-
silenced leaves. (C) An STS
annotated as Uttroside B

accumulates in GAME4-silenced
transgenic leaves. (D) An STS (m/z
= 753.4) accumulates in GAME12
VIGS- leaves. (E) Tomatidine, the
steroidal alkaloid aglycone,
accumulates in GAMET1-silenced
transgenic leaves. (F to I) Enzyme
activity assays of the 4 recombinant
tomato GAME glycosyltransferases
(14). Reactions containing GAME17
(F) and GAME18 (G) recombinant
proteins with UDP-glucose as donor-
substrate, and tomatidine
galactoside (T-Gal) or y-tomatine (T-
Gal-Glu) as an acceptor-substrate,
respectively, produced products with
m/z = 7404 and m/z = 902.5,
respectively. Reaction products were
identified as y-tomatine for GAME17
(F) and B71-tomatine (T-Gal-Glu-Glu)
for GAME18 (G). Reaction
containing B7-tomatine, the GAME2
recombinant protein and UDP-
xylose, produced a-tomatine (H).
Reaction, containing tomatidine as
substrate, UDP -galactose, -glucose
and -xylose as sugar donors and the
GAME1, GAME2, GAME17 and
GAME18 recombinant proteins
resulted in accumulation of o-
tomatine (l). See also figs. S5, S6,
and S10.

Sciencexpress/ http://www.sciencemag.org/content/early/recent / 20 June 2013 / Page 7/ 10.1126/science.1240230

Downloaded from www.sciencemag.org on July 11, 2013


http://www.sciencemag.org/content/early/recent
http://www.sciencemag.org/

Phytochemistry 113 (2015) 24-32

PHYTOCHEMISTRY

Contents lists available at ScienceDirect

Phytochemistry

journal homepage: www.elsevier.com/locate/phytochem

Review

The bitter side of the nightshades: Genomics drives discovery @CmMark
in Solanaceae steroidal alkaloid metabolism

P.D. Cardenas *®, P.D. Sonawane ?, U. Heinig*?, S.E. Bocobza?, S. Burdman®, A. Aharoni **

2 Department of Plant Sciences, Weizmann Institute of Science, Rehovot 76100, Israel
b Department of Plant Pathology and Microbiology, The Robert H. Smith Faculty of Agriculture, Food and Environment, The Hebrew University of Jerusalem, Rehovot 76100, Israel

ARTICLE INFO ABSTRACT
Artifle historyf Steroidal alkaloids (SAs) and their glycosylated forms (SGAs) are toxic compounds largely produced by
Available online 31 December 2014 members of the Solanaceae and Liliaceae plant families. This class of specialized metabolites serves as a

chemical barrier against a broad range of pest and pathogens. In humans and animals, SAs are considered
anti-nutritional factors because they affect the digestion and absorption of nutrients from food and might
even cause poisoning. In spite of the first report on SAs nearly 200 years ago, much of the molecular basis
of their biosynthesis and regulation remains unknown. Aspects concerning chemical structures and bio-

This contribution is in honor of Professor
Vincenzo de Luca’s 60th birthday

?gﬁ:zz; logical activities of SAs have been reviewed extensively elsewhere; therefore, in this review the latest
Steroidal alkaloids insights to the elucidation of the SAs biosynthetic pathway are highlighted. Recently, co-expression anal-
Metabolic gene clusters ysis combined with metabolic profiling revealed metabolic gene clusters in tomato and potato that con-
tain core genes required for production of the prominent SGAs in these two species. Elaborating the
knowledge regarding the SAs biosynthetic pathway, the subcellular transport of these molecules, as well
as the identification of regulatory and signaling factors associated with SA metabolism will likely advance
understanding of chemical defense mechanisms in Solanaceae and Liliaceae plants. It will also provide the
means to develop, through classical breeding or genetic engineering, crops with modified levels of anti-

nutritional SAs.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction among the world’s most important agricultural species, including

tomato (Solanum lycopersicum), potato (Solanum. tuberosum), egg-

Solanaceae is a family of flowering plants comprising about 100 plant (Solanum. melongena), tobacco (Nicotiana tabacum), pepper
genera and 2500 species (Olmstead et al., 2008). Many of them are (Capsicum annuum) and petunia (Petunia spp.). Indeed, Solanaceae
is one of the most valuable and variable family among vegetable
crops in terms of number of species that have been domesticated
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economic value, some Solanaceae plant species have become
important model systems in plant biology research as they allow
effective studies of plant development, fruit ripening and defense
responses.

Originating from the Andes region of South America, both
tomato and potato have been subjected to intensive breeding for
resistance to biotic and abiotic stresses, yield, shelf-life, taste and
nutritional quality (Bai and Lindhout, 2007). Along with selection
for improved agricultural traits, co-occurrence of compounds that
exert a negative impact on the nutritional quality (i.e. anti-nutri-
tional factors) is a common issue in the breeding of Solanaceae spe-
cies. A major group of anti-nutritionals found in Solanaceae, but
also present in Liliaceae species, are steroidal alkaloids (SAs) and
their glycosylated forms known as steroidal glycoalkaloids (SGAs)
(Heftmann, 1983). Additionally, some related steroidal alkaloids
have also been found in the Apocynaceae and the Buxaceae plant
families (Atta-ur-Rahman and Choudhary, 1999; Schakirov and
Yunusov, 1990). SAs are nitrogen-containing compounds derived
from the cytosolic terpenoid (mevalonate) biosynthetic pathway
(Fig. 1) and have been proposed to contribute to plant resistance
to pathogens and predators, showing a concentration dependent
toxicity to different organisms, including bacteria, fungi, viruses,
insects and humans (Milner et al., 2011). High SGA concentration
in food is associated with bitterness and unpleasant sensations
when eaten, including convulsions, dizziness and headache (Eich,
2008; Roddick, 1996). Accordingly, the US Food and Drug Adminis-
tration (FDA) limits the amount of SGAs in potato tubers to a max-
imum of 200 mg/kg fresh weight (Dolan et al., 2010).

2. Historical overview: Desfosses’s dog and the discovery of SA
toxicity

The history of SGAs research started almost 200 years ago when
Desfosses, a French pharmacist, isolated an alkaline base that he
named “solanée” from the berries of Solanum nigrum. A small
amount of this extract mixed with meat, provoked narcotic symp-
toms like somnolence and vomiting when fed to a dog (Desfosses,
1820). Years later, Baup isolated from potato what seemed to be
the same compound found by Desfosses and renamed it as solanine
(29, see Fig. 1) (Baup, 1826). After four decades, Zwenger and Kind
(1861) reported that solanine (29) was glycosylated, referring to
the aglycone as solanidine (22). More than 130 years after Desfos-
ses’s findings, Kuhn and Low (1954) showed that SGA composition
in potato tubers was mainly provided by the o, g and y forms of
solanine (27-29) and chaconine (30-32), having the same aglycone
(i.e. solanidine (22)), but a different glycosylation pattern (Fig. 1B).
Around the same years, Irving and coworkers reported “tomatine”
(26) as a new antibiotic agent isolated from the tomato plant
(Irving et al., 1945, 1946). Subsequently, further purification and
characterization of tomatine (26) identified it as a glycoside alka-
loid composed of the aglycone tomatidine (17) and a tetrasaccha-
ride moiety composed of xylose, galactose and two glucose units
(Fig. 1B; Fontaine et al., 1948; Ma and Fontaine, 1950). Four dec-
ades later, it was demonstrated that the compound known as tom-
atine (26), was in fact a mixture of two SGAs, «-tomatine (26) and
dehydrotomatine (28) (Bushway et al., 1994; Friedman et al.,
1994).

Subsequent to these seminal contributions, hundreds of differ-
ent SAs/SGAs have been reported in Solanaceae species. In potato,
over 50 SAs have been identified, with o-chaconine (32) and «-
solanine (29) comprising >90% of the total SGA content in the
tubers (Itkin et al., 2013; Shakya and Navarre, 2008). In tomato,
about 100 SAs were reported (lijima et al., 2013; Itkin et al,,
2011; Moco et al., 2006), and of those o-tomatine (26) and dehy-
drotomatine (28) are predominant in green tissues and

esculeosides (39-43) in the red ripe fruit (Fujiwara et al., 2004;
[tkin et al., 2011; Mintz-Oron et al., 2008). Investigated to a much
less extent, c-solasonine and c«-solamargine are the two major
SGAs found in eggplant fruit (Mennella et al., 2012; Sanchez-
Mata et al., 2010).

3. Biosynthesis of steroidal alkaloids in the Solanaceae
3.1. From acetyl-CoA to cholesterol

Steroidal glycoalkaloids consist of two structural components;
the aglycone, a cholesterol derived hydrophobic 27-carbon skele-
ton with a nitrogen atom in the side-chain, and a carbohydrate
side-chain at the 3-OH position on the A ring, which typically con-
sists of different combinations of p-glucose, p-galactose, p-xylose
and t-rhamnose (Milner et al., 2011). The cellular localization of
the steroidal alkaloids is not completely understood. It was sug-
gested that in tomato and potato they are localized to the soluble
phase of the cytoplasm, most probably in the vacuoles (Roddick,
1976, 1977). However, recently it has been shown that they are
also present in the apoplast (Okmen et al., 2013). The common pre-
cursor for SGA biosynthesis is cholesterol (10), which undergoes
several steps of hydroxylation, oxidation, transamination and gly-
cosylation generating the observed diversity of metabolites of this
natural product class (Eich, 2008). Cholesterol (10) is produced
from acetyl-CoA through the isoprenoid mevalonate (MEV) path-
way (Fig. 1). Recent feeding experiments have shown that radioac-
tive acetate, mevalonate (2), lanosterol (7), cycloartenol (8) and
deuterium labeled cholesterol (10) constitute precursors of SGAs
in potato and tomato (Heftmann, 1983; Petersson et al., 2013).

Squalene (6), an intermediate in the triterpene synthesis path-
way, is oxidized by squalene epoxidase to squalene 2,3-epoxide,
that is cyclized, either by cycloartenol synthase or by lanosterol
synthase, to form cycloartenol (8) or lanosterol (7) (C3g), respec-
tively. Both of these compounds are further metabolized by
demethylation, desaturation, isomerization and reduction reac-
tions to generate cholesterol (10) (Cy7) (Nes, 2011; Ohyama et al.,
2009; Suzuki and Muranaka, 2007). Until recently, little was
known regarding the association between SGA production and
the corresponding biosynthesis of isoprenoid precursors. Two key
steps in the pathway for the synthesis of cholesterol (10) are the
conversion of 3-hydroxy-3-methylglutaryl coenzyme A to meva-
lonic acid [catalyzed by a family of 3-hydroxy-3-methylglutaryl
coenzyme A reductase (HMGR) enzymes| and the synthesis of
the squalene (6) precursor by squalene synthase (SQS) (Nes,
2011) (Fig. 1A). A survey of various potato genotypes, known to
exhibit different levels of SGAs, showed a positive correlation
between SGA content and the endogenous expression levels of
HMGR and SQS genes (Krits et al., 2007). However, only recently,
transgenic potato lines overexpressing these two genes, confirmed
the association between HMGR and SQS with SGA content
(Ginzberg et al., 2012). Additionally, conversion of cycloartenol
(8) to plant sterols, other than cholesterol (10), has been studied
in relation to SGA synthesis. A key step in this process is the meth-
ylation of the sterol side-chain of cycloartenol (8) by S-adenosyl-i-
methionine:sterol C24-methyltransferases type 1 (SMT1) enzyme
(Fig. 1A). Overexpression of SMT1 in potato plants resulted in an
increased content of total alkylated sterols (9) at the expense of
cholesterol (10) (non-alkylated sterol) (Arnqvist et al., 2003). As a
consequence of SMT1 overexpression, the level of free cholesterol
(10) was decreased together with a reduction in total SGA content.
Recently, a sterol side-chain reductase 2 (SSR2) was identified in
both potato and tomato. Enzymatic in vitro assays and yeast com-
plementation on the background of various ergosterol (erg) mutant
strains showed SSR2 as a key step in the branching point between
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Fig. 1. Biosynthesis of steroidal glycoalkaloids in Solanaceae species. Steroidal glycoalkaloids (SGAs) are derived from the cytosolic mevalonic acid pathway. (A) Starting from
acetyl-CoA (1), cholesterol (10) is generated and further modified by glycoalkaloid metabolism (GAME) enzymes through hydroxylation, oxidation and transamination to
generate the aglycone tomatidine (17) in tomato (Itkin et al., 2013) and solanidine (22) in potato. (B) In tomato, glycosylation of the aglycone tomatidine (17) generates o-
tomatine (26). In potato, the aglycone solanidine (22) is glycosylated by solanidine glycosyltransferases (SGTs) enzymes to generate a-solanine (29) and «-chaconine (32).
Some enzymes involved in the synthesis of precursors upstream of cholesterol (10) in the mevalonate pathway have been linked to SGA content in Solanaceae species,
including 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR), squalene synthase (SQS) and S-adenosyl-L-methionine:sterol C24-methyl transferases type 1 (SMT1).

Dashed arrows represent multiple biosynthetic reactions whereas solid arrows represent a single step.
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Ca4 alkylsterols and cholesterol (10) biosynthesis. Silencing of SSR2
resulted in a significant reduction of cholesterol (10) and SGAs in
tomato and potato (Sawai et al., 2014).

3.2. From cholesterol to the steroidal alkaloid aglycone

Up to recently, the predicted biosynthetic route from choles-
terol (10) to the SA aglycone (17, 22) in plants of the Solanaceae
family was based on the detection of pathway intermediates dis-
covered in the liliaceous solanidine (22) producing plant Veratrum
grandiflorum (Kaneko et al., 1977). In Veratrum, solanidine (22) was
considered a precursor for jerveratrum alkaloids (Kaneko et al.,
1972) and its synthesis was proposed to involve multiple steps of
hydroxylation, oxidation and amination of the cholesterol (10)
skeleton, with arginine suggested as the main source of nitrogen
incorporated into the side-chain (Kaneko et al., 1976). However,
recently, Itkin et al. (2013) identified a set of GLYCOALKALOID
METABOLISM (GAME) genes that participate in the SGA biosynthe-
sis pathway in potato and tomato (Fig. 1). Through comparative
co-expression analysis, it was found that in tomato, six SGA genes
(GAME1, GAME17, GAME18, GAME2, GAME11 and GAMEG6) are
arranged in a cluster on chromosome 7, whereas two other genes
(GAME4 and GAME12) are located next to each other on chromo-
some 12 (Fig. 2). Furthermore, two additional genes, not located
in these clusters, were also associated with SGA biosynthesis (i.e.
GAME?7 and GAMES). Out of these, six genes were shown to be spe-
cifically involved in the SA aglycone synthesis and four in the gen-
eration of the tetra-saccharide moiety. Moreover, in potato, four
SGA-related genes are located in chromosome 7 (i.e. SGT3, GAME11,
GAMEG6 and SGT1) and two in chromosome 12 (i.e. GAME12 and
GAME4; Fig. 2).

Functional characterization supported by transgenic plants,
virus-induced gene silencing (VIGS), enzyme activity assays, and
data reported by Umemoto and Sasaki (2012) (patent application
for GAME6 and GAME?), allowed Itkin et al. (2013) to propose a
revised SGA biosynthetic pathway in the Solanaceae species

27

(Fig. 1). In the newly predicted pathway, cholesterol (10) is puta-
tively hydroxylated at the C,, position by GAME7 (cytochrome
P450 72A186), and further hydroxylated at the Cy¢ position by
GAMES (cytochrome P450 72A208). The role of GAMES8 was sup-
ported by analysis of GAMES-silenced tomato lines that accumu-
lated the intermediate 22-(R)-hydroxycholesterol (11) (Itkin
et al., 2013). The 22, 26-dihydroxycholesterol (12) is then hydrox-
ylated at C;¢ and oxidized at Cy;, followed by closure of the E-ring
by GAME11 (2-oxoglutarate-dependent dioxygenase) and GAMEG6
(cytochrome P450 72A188) to form the furostanol-type aglycone
(13). Silencing of GAME11 in tomato resulted in decrease of o-tom-
atine (26) levels in leaves and accumulation of cholestanol-type
steroidal saponins (18). The furostanol-intermediate (13) is subse-
quently oxidized by GAME4 (a cytochrome P450 88D) to its 26-
aldehyde (14), which is the substrate for transamination catalyzed
by GAME12 (aminotransferase-like protein). Silencing of both
GAME4 and GAMET12 resulted in a reduction in SGA content and
accumulation of non-nitrogenous steroidal saponins, revealing
their importance in the amination step (Itkin et al., 2013). The
26-aldehyde intermediate (14) has been recently proposed in an
independent report based on feeding of isotope-labeled cholesterol
(10) (Ohyama et al., 2013). Nucleophilic attack of the amino nitro-
gen at Cy, leads to the formation of tomatidenol (16), which is
dehydrogenated to tomatidine (17) (Itkin et al., 2013).

The detailed functional analysis of SGAs enzymes in potato has
yet to be carried out. Yet, the similarity of potato genes to the
tomato ones and the chemical structure of the potato SGAs allows
the prediction of a mechanism/reaction sequence towards solani-
dine (Fig. 1A). We propose the divergence of biosynthetic pathways
between tomato and potato at 22,26-dihydroxycholesterol (12). In
contrast to tomato, GAME11 or GAMEG6 orthologs might catalyze
the hydroxylation at C;4 followed by oxidation and transamination
(catalyzed by the GAME4 and the GAME12 orthologs) at Cyg with-
out prior closure of the E-ring leading to furostanol-type interme-
diates. Two subsequent nucleophilic substitutions, via a teneimine
(21) intermediate, similarly to the initially proposed SGA pathway
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in the Liliaceae SGAs (Friedman, 2002; Kaneko et al., 1977) could
explain the formation of the solanidine aglycone (22).

3.3. Glycosylation of the steroidal alkaloid aglycones

The major tomato SGAs, «-tomatine (26) and dehydrotomatine
(28), differ in the aglycone (tomatidine (17) and tomatidenol (16),
respectively) but both contain the same tetra-saccharide moiety
(i.e. lycotetraose), composed of a single p-xylose and p-galactose
and two p-glucose units. In potato, a-chaconine (32) and «-sola-
nine (29) have the same aglycone, solanidine (22), but are glycos-
ylated with chacotriose (i.e. a single p-galactose and two 1-
rhamnose units) and solatriose (i.e. p-galactose, p-glucose and L-
rhamnose), respectively. In eggplant, «-solamargine and «-solaso-
nine are also glycosylated by chacotriose and solatriose, respec-
tively, but the aglycone moiety is solasodine (Milner et al., 2011).

Early molecular studies of the SA aglycone glycosylation were
performed in potato. Three different solanidine glycosyltransferase
(SGT) enzymes were associated with the conversion of the agly-
cone solanidine (22) into a-chaconine (32) and «-solanine (29)
(Fig. 1B). Silencing of SGT1, a UDP-galactose:solanidine galactosyl-
transferase, resulted in inhibition of «-solanine (29) accumulation
that was compensated with high levels of a-chaconine (32) (McCue
et al., 2005; Moehs et al., 1997). On the other hand, silencing of a
UDP-glucose:solanidine glucosyltransferase, SGT2, resulted in
plants having reduced levels of «-chaconine (32) and accumulation
of a-solanine (29) (McCue et al., 2006). Functional characterization
of SGT1 and SGT2, showed that these enzymes are responsible for
the specific synthesis of either a-solanine (29) or a-chaconine (32).
Eventually, SGT3, a UDP-rhamnose:g-solanine/p-chaconine
rhamnosyltransferase, was shown to catalyze the terminal step
in formation of the potato SGA sugar moiety. In SGT3-silenced
potato lines there was a dramatic decrease in the accumulation
of «-chaconine (32) and «-solanine (29), while p-solanine (28)
and B-chaconine (31) levels increased (McCue et al., 2007).

In tomato, the first gene reported to be involved in the synthesis
of the SGA saccharide moiety was GAME1, encoding a UDP-galact-
ose:tomatidine galactosyltransferase homologous to the potato
SGT1. Phylogenetic analysis showed that in the large family of

plant glycosyltransferases, the three potato SGTs and GAME1 form
a separate protein clade involved in the transfer of sugar moieties
to SAs and steroidal saponins (Itkin et al., 2011). Most glycosyl-
transferases involved in the biosynthesis of the saccharide moiety
of the main tomato and potato glycoalkaloids were located in the
metabolic gene clusters. Interestingly, the tomato chromosome 7
cluster included all the required glycosyltransferases (i.e. GAME1,
2, 17 and 18) while in potato, only SGT1 and SGT3 are present in
the cluster while SGT2 is located elsewhere in the genome (Itkin
et al., 2013; Fig. 2).

In the proposed pathway for SGA biosynthesis in tomato, tom-
atidine (17) is converted by GAMET1 to tomatidine galactoside (23).
This compound is glucosylated by GAME17 (UDP-glucosyltransfer-
ase) into 7p-tomatine (24), which is further glucosylated by
GAME18 (UDP-glucosyltransferase) to f;-tomatine (25), which is
finally converted to «-tomatine (26) by GAME2 (UDP-xylosyltrans-
ferase) (Fig. 1B) (Itkin et al., 2013). Virus-induced gene silencing
assays provided a rapid evaluation method of the metabolic role
of candidate genes. For instance, GAME18-silenced plants accumu-
lated y-tomatine (24) thus identifying the role of GAME18 as a glu-
cosyltransferase (Fig. 3). Enzyme activity assays containing these
four recombinant glycosyltransferases in a single reaction with
tomatidine (17) as a substrate and UDP-galactose, -glucose and -
xylose as sugar donors resulted in the accumulation of «-tomatine
(26) (Itkin et al., 2013).

4. Modification of steroidal glycoalkaloids during tomato fruit
development and ripening

In tomato fruit, o-tomatine (26) is extensively modified during
development and ripening (lijima et al., 2008; Mintz-Oron et al.,
2008; Moco et al., 2006). While in the green tomato fruit ¢-toma-
tine (26) is the most abundant SGA, lycoperosides and esculeosides
(39-43) are predominant in the red ripe stage (Fig. 4). Total SGA
content remains constant across fruit ripening and this suggested
that the entire pool of a-tomatine (26) is converted during this pro-
cess to the latter compounds (lijima et al., 2008; Nohara et al.,
2006; Yamanaka et al., 2009). However, no genes or enzymes have
been characterized in this pathway to date.

A y-tomatine B
100+ 166 740.4756
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5 Glu—Gak0
© 7424612 .
% o 738.4440 { _744.4684 iz y-tomatine
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o
2 ‘ \
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&
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T 1 T 1 1 (25)
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Fig. 3. Functional characterization of candidate steroidal alkaloid-biosynthesis genes by means of virus induced gene silencing assays in tomato fruit. (A) Rapid evaluation of
the metabolic role of candidate steroidal alkaloid (SA)-related genes was performed by virus induced gene silencing (VIGS) assays coupled to metabolic profiling with high
resolution liquid chromatography-mass spectrometry analysis. Comparison of silenced to non-silenced tomato tissues established y-tomatine (24) accumulation when
GAME18 was suppressed, demonstrating its role as a glucosyltransferase (Itkin et al., 2013). (B) Glucosylation of y-tomatine (24) to f1-tomatine (25) by GAME18. Silencing
was performed in the background of a transgenic tomato line expressing the Antirrhinum majus DELILA and ROSEA1 (DEL/ROS) transcription factors, that convey a purple
anthocyanin-rich phenotype to the fruit (Orzaez et al., 2009). The VIGS vector includes the candidate gene as well as the DEL/ROS sequences in a way that allows locating
green fruit patches in which the candidate gene was likely silenced. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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this article.)

Lycoperosides A-D and F-H were first isolated from leaves and
fruit of S. lycopersicum (Yahara et al., 1996, 2004). Elucidation of
tomato lycoperosides structure by NMR spectroscopy established
hydroxylation, acetylation and glycosylation on the aglycone
(17). With similar chemical modifications, esculeosides A (40)
and B (41) are the major glycosylated SGAs isolated from red ripe
tomato fruit (Fujiwara et al., 2003, 2004). Recently, it has been sug-
gested that the final step of esculeoside A (40) biosynthesis, start-
ing from o-tomatine (26), is controlled by the ripening hormone
ethylene (Iijima et al., 2008, 2009). In non-ripening (nor) and

ripening-inhibitor (rin) tomato mutants that display altered ripen-
ing, levels of esculeoside A (40) were decreased; however; they
exhibited an increased content of upstream acetylated and glycos-
ylated intermediates (35, 37) (lijima et al., 2008). This suggested
that only the final glycosylation step of esculeoside A (40) biosyn-
thesis is associated with ethylene-ripening regulated events
(Fig. 4).

Steroidal glycoalkaloids are subject to further metabolism
including modifications of the saccharide moiety. In potato, it has
been reported that endogenous enzymes are able to remove the
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rhamnose from o-chaconine (32) and w«-solanine (29) (Bushway
et al.,, 1988, 1990; Swain et al., 1978). In Solanum torvum, a g-glu-
cosidase was characterized which specifically cleaves glucose units
attached to the saponins torvosides A and H (Arthan et al., 2006).
Enzymes with similar activities, known as tomatinases, are pro-
duced in Solanum pathogens that actively detoxify SGAs. These
enzymes remove single or multiple sugar molecules from the sac-
charide moiety of a-tomatine (26), creating less cytotoxic com-
pounds for the pathogen (Ford et al., 1977; Okmen et al., 2013)
and have been characterized in fungi such as Fusarium oxysporum
f. sp. lycopersici and Cladosporium fulvum. A tomatinase gene was
recently reported in the tomato bacterial pathogen Clavibacter
michiganensis subsp. michiganensis (Cmm). Activity was demon-
strated in vitro and Cmm mutants impaired in the tomatinase
showed growth inhibition but were not affected in virulence
(Kaup et al., 2005). As the glycosylated forms of SAs could increase
the potency against pathogens (Hoagland, 2009), the presence of
glycosidases in the plant can be associated with modulation of
SGA toxicity in defense response.

5. Metabolic gene clusters and steroidal alkaloid biosynthesis

Organization of metabolic genes in clusters is typically associ-
ated with operons present in bacteria or fungal genomes
(Osbourn, 2010a). Nevertheless, nearly a dozen metabolic gene
clusters have been reported in the past years in multiple plant spe-
cies, all without exception associated with the biosynthesis of a
certain class of specialized metabolites (Boycheva et al., 2014).
Similarly to bacterial operons, plant gene clusters are composed
of non-homologous genes that contribute to the same biosynthetic
pathway. Yet, unlike their bacterial counterparts, plant genes are
transcribed as separate mRNAs rather than as a single polycistronic
mRNA (Osbourn, 2010b). Interestingly, to date such clusters were
mostly associated with terpenoid biosynthesis. Metabolic gene
clusters have been described for the synthesis of cyclic hydroxamic
acids in maize (Frey et al., 1997); thalianol, marneral and avenacin
triterpenoids in Arabidopsis and oat, respectively (Field and
Osbourn, 2008; Field et al., 2011; Qi et al., 2004); phytocassane
and momilactone diterpenes in rice (Swaminathan et al., 2009;
Wilderman et al., 2004); cyanogenic glucosides and a novel triter-
pene dihydrolupeol precursor of 20-hydroxybetulinic acid in Lotus
japonicus (Krokida et al., 2013; Takos et al., 2011); noscapine alka-
loids in Papaver (Winzer et al.,, 2012) as well as the recently
described gene cluster for steroidal alkaloids in Solanum species
described above (Fig. 2; Itkin et al., 2013).

An important question remains with respect to the advantage of
having the SGAs and other metabolic gene clusters in plant gen-
omes. Most of the metabolites produced through the clusters
described up to now were implicated in the synthesis of defense
compounds, suggesting that one of the advantages might be the
co-inheritance of an important fitness trait as discussed by
Osbourn (2010b). Cluster disruption, can lead to partial activity
of pathways generating toxic intermediates for the plant. As an
example, the silencing of GAME1 (encoding a glycosyltransferase)
in tomato plants led to a reduction in ¢-tomatine (26) content,
but an increase in its aglycone tomatidine (17). GAME1-silenced
plants showed severe developmental defects including retarded
growth, deformed leaves and partial abortion of flower buds
(Itkin et al., 2011). The GAME1 gene is part of the gene cluster
located on the tomato and potato chromosome 7 (Fig. 2) and this
may possibly secure its presence in the next generations, to avoid
phytotoxicity by the SGA pathway intermediates.

Another major benefit provided by gene clustering over ran-
domly dispersed genes is in facilitating the co-regulation of clus-
tered genes. Interestingly, Itkin et al. (2013) showed that both in

potato and tomato, the regions of clustered genes in chromosomes
7 and 12 are flanked by similar genes positioned identically along
the genome indicating co-inheritance from a common Solanum
ancestor. While the set of genes in the clusters flanking regions
were not co-expressed, the clustered genes were found to be
tightly co-expressed, suggesting a possible coordinated regulatory
process for their control (Itkin et al., 2013). The mechanism under-
lying this co-regulation remains to be elucidated, but specific chro-
matin decondensation might be involved as shown for the
avenacin-producing cluster in oat (Wegel et al., 2009).

6. Concluding remarks: future prospects in the study of
steroidal alkaloids

The recent findings with respect to the biosynthesis of SAs/SGAs
in Solanaceae species extend the contribution of non-homologous
clustered genes in plant specialized metabolism. Nevertheless,
extensive research is required in several areas including the dis-
covery of new enzymes generating the large SA diversity, identifi-
cation of regulatory mechanisms and links to signaling pathways
of plant defense response as well as transport and localization of
SAs at the cell type and subcellular level. The availability of
sequenced Solanaceae genomes, transcriptomics data and meta-
bolic profiling of multiple plant species will allow us to select
new putative gene candidates involved in SA metabolism. Of out-
standing interest will be to determine whether the SA/SGA genes
are conserved in other Solanaceae and in the Liliaceae plant species
and if they participate in the metabolism of the related steroidal
saponins or exclusively in SAs synthesis.

Additionally, recent advances in the discovery of metabolic
gene clusters provide a platform for the production of highly valu-
able SAs or steroidal saponins and/or its derivatives for medical
and industry purposes. For instance, new strategies can be devel-
oped for the production of steroidal drugs derived from SA/saponin
precursors (e.g. diosgenin derivatives; Patel et al., 2012), either
through heterologous expression systems or modified plants. Con-
ventional breeding using naturally occurring variants and single
gene genetic engineering had proven to be efficient ways to mod-
ulate specialized metabolites content. Nevertheless, with the dis-
covery of gene clusters in plants, new strategies can be proposed
for their generation in naturally non-producing plants. The use of
whole clusters in heterologous systems has the potential to
advance the current approaches for specialized metabolites pro-
duction. The dual properties of SAs providing a protective role for
plants against pathogens and predators and their anti-nutritional
effects in animals and humans, raise the opportunity to generate
functional crops with modified levels of specific SGAs to improve
either nutritional value or crop protection of Solanaceae species.
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Chapter 12

Analysis of Steroidal Alkaloids and Saponins
in Solanaceae Plant Extracts Using UPLC-qTOF
Mass Spectrometry

Uwe Heinig and Asaph Aharoni

Abstract

Plants of the Solanacene family are renowned for the production of cholesterol-derived steroidal
glycosides, including the nitrogen containing glycoalkaloids and steroidal saponins. In this chapter we
describe the use of UPLC (Ultra Performance Liquid Chromatography) coupled with qTOF
(Quadrupole Time-of-Flight) mass spectrometry for profiling of these two large classes of semipolar
metabolites. The presented method includes an optimized sample preparation protocol, a procedure
for high resolution chromatographic separation and metabolite detection using the TOF mass spec-
trometer which provides high resolution and mass accuracy. A detailed description for non-targeted
data analysis and a strategy for putative identification of steroidal glycosides from complex extracts
based on interpretation of mass fragmentation patterns is also provided. The described methodology
allows profiling and putative identification of multiple steroidal glycoside compounds from the assort-
ment of Solanaceae species producing these molecules.

Key words UPLC/qTOF mass spectrometry, Solanacene, Steroidal alkaloids, Steroidal saponins,
Metabolomics

1 Introduction

Plants of the Solanaceae family are well known for the production
of numerous natural products, of which sapogenins are one major
compound class. Sapogenins are plant terpenoid secondary metab-
olites, derived from the cytosolic mevalonic acid pathway. Two
molecules of farnesyldiphosphate (FPP), formed from the univer-
sal terpene precursors isopentenyldiphosphate (IPP) and dimethyl-
allyldiphosphate (DMAPP), are condensed to squalene followed
by oxidation toward the precursor for all phytosteroids,
2,3-oxidosqualene. Oxidosqualene is then either converted to trit-
erpenes (C30), such as amyrins or to lanosterol the precursor of
cholesterol (C27) [1].
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Fig. 1 Diversity of penta-cyclic steroidal saponins and alkaloids. All molecules of these two classes generally
consist of a penta-cyclic steroidal backbone, a modified side chain (cyclic, open-chain, nitrogen-containing in

case of alkaloids) originated

from the side chain of cholesterol and are highly glycosylated at the hydroxyl-

group at C3 (R, s). Further substitutions like hydroxylations, acetylations, and 0-glycosylations can occur on
the backbone or more likely on the side-chain (R, 4 6 7). Hex hexose, Pent pentose, deoxHex deoxyhexose

In Solanacene species, including tomato ( Solanum lycopersicum),
potato (Solanum tuberosum), eggplant (Solanum melongena), or
black nightshade (Solanum nigrum), the predominant semipolar
compounds detected are cholesterol-derived steroidal glycoalkaloids
and steroidal saponins [2, 3]. Their biosynthesis starting from
cholesterol involves hydroxylations, oxidations and in case of the
alkaloids a transamination step, followed by extensive glycosylation,
resulting in the observed diversity of detected end products.
In Fig. 1, the five major aglycone structures observed in the Solanacene
are presented: tomatidine, solasodine and solanine (alkaloids) and
furostanol and spirostanol (saponins). These carbon backbones can
be substituted in different positions (R, _; in Fig. 1) [2, 4-0].

By and large Solanaceae steroidal glycosides consist of three
major structural parts: (a) a penta-cyclic steroidal backbone (rings
marked with A-E in Fig. 1) that can contain a double bond at C5,
(b) a modified side-chain derived from C20-C27 cholesterol side-
chain, and (c) a glycosyl-moiety at the C3 hydroxyl-group (upper
structure in Fig. 1). The occurrence of specific compounds thereby
depends strongly on the plant species, the analyzed tissue and the
developmental stage (e.g., fruit maturation in tomato [4, 6]).
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In this chapter we describe a UPLC/qTOF-MS method for

simultaneous chromatographic separation and mass spectrometric
detection of the major steroidal alkaloids and saponins found in the
Solanacene. Besides sample preparation and chromatography, we
focused here on the putative identification of compounds using a
non-targeted approach based on accurate mass measurements and
interpretation of mass fragmentation patterns.

2 Materials

2.1 Material and
Reagents for Sample
Preparation

2.2 UPLC-qTOF
and Data Analysis

12.

13.

. Water, double deionized, from a Milli-Q purification system

(Millipore), resistivity 18.2 MQ cm, filtered through a 0.22-
pm membrane filter.

. Methanol, gradient grade for liquid chromatography (e.g.,

Merck KGaA).

. Acetonitrile, gradient grade for liquid chromatography (e.g.,

Merck KGaA).

. Liquid nitrogen for grinding and freezing plant samples.

. Standards for QC (quality control) samples: L-Tryptophan

(Sigma), 1-Phenylalanine (Sigma), Chlorogenic acid (Fluka),
Caffeic acid (Sigma), p-Coumaric acid (Sigma), Ferulic acid
(Aldrich), Sinapic acid (Sigma), Rutin hydrate (Sigma),
Quercetin dihydrate (Sigma), Tomatine (Apin), Naringenin
(Fluka), Kaempferol (Fluka) (se¢ Note 1).

. Mortar and pestle or a ball mill (e.g., Retsch MM301).
. Balance.

. Screw-cap Polypropylene (PP) tubes (15 mL, e.g., Greiner) or

2 mL PP safe-lock eppendorf tubes for storage of tissue and
extraction, suitable for centrifugation at 3,000xg and
15,000 x g, respectively.

. Ultrasonic bath.
10.
11.

Vortex.

Single-use sterile latex-free 1 mLsyringes (e.g.,0.5 mmx 16 mm
syringe, BD Plastipak™).

Single-use, 0.22 pm membrane syringe filters (e.g., 4 mm
diameter PVDF (Polyvinylidenefluoride, Millex-GV) or 12 mm
diameter PTFE (Polytetrafluoroethylene, PALL).

Amber-glass 2 mL autosampler vials and caps with a PTFE/
Silicone septum. Use suitable 250 pl glass inserts for small
extract volumes injection (see Note 2).

. UPLC/qTOF system: e.g., a UPLC Waters Acquity instru-

ment connected in-line to a Synapt HDMS detector
(tandem quadrupole/time-of-flight mass spectrometer).
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The MS detector is equipped with an electrospray ion source
(ESI). The Synapt HDMS system is operated in the stan-
dard qTOF mode, without using the ion mobility capabili-
ties (see Note 3).

2. UPLC BEH C18 column (Waters Acquity), 100x2.1 mmi.d.,
1.7 pm, with a column pre-filter.

3. Solvents for chromatography: mobile phase A, 5 % acetonitrile
(ACN) in ddH,0+0.1 % formic acid (FA); mobile phase B,
ACN+0.1 % FA.

4. Washing solutions: strong needle wash, 80 % methanol
(to remove organic components); weak needle wash, 5 % ace-
tonitrile (re-equilibration to chromatographic starting condi-
tions); seal wash, 10 % methanol.

5. MassLynx 4.1 instrument software (Waters).
6. DataBridge program (Waters).

7. XCMS package for R for peak picking and retention time
correction between replicate samples [7].

8. Software for mass peak clustering and further statistical analy-
sis, e.g., Principal component analysis (PCA).

3 Methods

3.1 Sample
Preparation

The most widely used method for extraction of semipolar
compounds for LC-MS analysis, such as glycoalkaloids and sapo-
nins, is sample preparation using acidic methanol [8, 9]. A final
methanol content of 75 and 0.1 % formic acid (FA) was found to
be a most efficient extraction solution when applied in various
plant species and different tissues (se¢ Note 4). A detailed descrip-
tion of the sample preparation procedure for tomato can also be
found in [10] and is carried out as follows:

1. Homogenize frozen tissue using mortar and pestle pre-cooled in
liquid nitrogen, or when starting with limited amount of material
add a metal ball into the 2 mL eppendorf tube which contains
the tissue, place the tubes into the pre-cooled ball mill tray and
disrupt the material by shaking with 20 Hz for 2 min. After shak-
ing, immediately place the tray into liquid nitrogen. Make sure
that samples do not begin to thaw during the whole procedure.

2. Prepare appropriate number of clean tubes (15 or 2 mL), pre-
cool in liquid nitrogen and weigh them on a balance.

3. Transfer the powder from step 1 to 15 mL PP screw-cap tube
(>350 mg of material) or in case of using less than 350 mg into
a 2 mL eppendorf tube (sec Note 5).

4. Weigh the biomaterial containing tubes and calculate the
weight of the samples. In case of using the ball mill, determine
the weight before adding the metal ball and grinding.
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5. Add the required amount of acidified MeOH or MeOH /water
(ratio see Note 4) to the frozen samples, to a final MeOH con-
centration of 75 % (see Note 6).

6. Vortex until all frozen powder is completely re-suspended in
the solvent.

7. Sonicate for 20 min.
8. Vortex for several seconds.

9. Remove debris by centrifugation for 10 min with 3,000 x4
when using 15 mL tubes or 15,000 x4 in case of using 2 mL
eppendorf tubes.

10. Carefully transfer the supernatant into a fresh tube.

11. Filter extract through a 0.22 pm PTFE (or PVDEF) disposable
filter into either another 2 mL eppendorf tube or directly into
an autosampler vial using a 1 mL syringe. When volume is lim-
ited (less than 500 pL), filter an aliquot of the supernatant into
an autosampler vial insert (approximately 150 pL). Use not
less than 50 pL and make sure that no air bubbles remain at the
bottom of the insert. Close vials tightly with PTFE /Silicone
septum-caps to avoid evaporation of solvent. In case of storage
of the extracts for later injection at -20 °C, check if precipitates
are formed and eventually repeat filtering directly before
injection.

12. As a blank sample use 75 % MeOH/ddH,0 supplemented
with 0.1 % FA.

13. Place vials for injection into the UPLC autosampler, cooled to
12°C.

14. The remaining extract (e.g., for MS/MS analysis) should be
stored at -20 °C immediately.

Chromatographic conditions are chosen according to the amphi-
philic nature of the analytes (glycosylated cholesterol-derived mol-
ecules). The polarity during chromatographic separation is thereby
mainly determined by the sugar moieties, hence, gradient elution
starting with 5 % ACN in ddH,O supplemented with 0.1 % FA to
31.6 % ACN (=28 % B) over 22 min was found to give good sepa-
ration and peak shape [10]. Steroidal alkaloids and saponins elute
typically between 10 min and the end of the chromatogram.
Thereby they are well separated from more polar compounds, like
for example organic acids which elute earlier.

Column preparation, system stability testing and chromato-
graphic conditions for analysis are listed below.

1. Equilibrate new columns in 50 % A /50 % B for at least 60 min,
followed by equilibration to chromatographic starting condi-
tions (5-10 column volumes A). Columns already used and
stored in 50 % A/50 % B are equilibrated with at least 5 col-
umn volumes of A.
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3.3 Data Analysis
Workflow

2. Performance of the system (stability of retention times, signal
intensities, mass accuracy) can be tested by several injections of
standard QC-mix (see Notes 1 and 7).

3. UPLC conditions: column oven, 35 °C; flow rate, 0.3 mL/
min; autosampler temperature, 12 °C; gradient, initial condi-
tions 100 % A, 22 min 72 % A, 22.5 min 60 % A, 23 min 0 %
A,26.5min 0 % A, 27 min 100 % A, 28 min 100 % A.

4. Inject 4-10 pL of biological sample (se¢ Note 8).

5. Wash needle between injections with 200 pL strong needle
wash solution and 600 pL weak needle wash (see item 4 of
Subheading 2.2) solution.

6. For longer data-sets, the QC-mix should be injected at least

every ten samples to control the stability of the system (see step
2 of Subheading 3.2).

For mass spectrometric detection, we use the Synapt HDMS
detector equipped with an ESI source. “Soft” ESI ionization
allows detection of intact metabolites (molecular ions), neces-
sary for calculation of elemental composition and putative iden-
tification in a non-targeted manner. The mass detector part
(Time of Flight, TOF) is operated in V mode with a mass reso-
lution of 9,000. Spectra are recorded from m/z 50 to 1,500
with scan duration of 0.25 s and an interscan delay of 0.02 s in
centroid mode. Mass spectrometer parameters are set to: capil-
lary voltage = 3.4 kV (ESI-: 3 kV), cone voltage=24 ¢V (ESI-:
28 ¢V), source temperature=125°C, desolvation tempera-
ture=275°C, cone gas flow=25 L/h, desolvation gas
flow =650 L/h and collision energy=4 e¢V. Argon is used as a
collision gas and the mass spectrometer is calibrated with leu-
cine enkaphalin ([M+H]*: m/2z 556.2771, [M-H]: m/2
554.2620). In a second channel the collision energy is ramped
from 10 to 30 eV in the positive mode and from 15 to 35 ¢V in
the negative mode. For MS /MS experiments, product ion spec-
tra of selected masses are recorded with various collision ener-
gies (15-50 eV) with scan duration of 0.4 s and an interscan
delay of 0.02 s in the same mass range.

Data analysis is performed in two different ways. Compounds like
for example a-tomatine that are commercially available can be
identified directly by comparison with an authentic standard.
However most of the metabolites formed are not known and have
to be putatively assigned in a non-targeted manner. Therefore,
information obtained from the known compounds, like polarity
hence retention on the column, ionization behavior, and especially
compound class specific mass fragmentation are necessary for
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putative identification. Non-targeted data analysis involves the
following steps:

1.

10.

11.

Control system stability manually by comparison of QC-control
injections at the beginning, during, and at the end of the
acquisition sequence (see Note 9).

. Convert raw data files to NetCDF format using the MassLynx

Databridge program and organize files into sample groups
(replicate groups, e.g., Species 1, Species 2). Treat data acquired
in positive and negative ionization mode separately. For further
analysis use only NetCDF files created from the first channel of
raw data files (first channel: mass data collision energy=4 eV;
second channel: mass data collision energy ramp; third channel:
lock mass calibration; fourth channel: PDA detector, absorp-
tion spectra recorded from 210 to 500 nm).

. Run mass peak detection and retention time correction with

XCMS package for R [7]. Parameters thereby depend on the
performance of chromatography as well as mass spectrometer
specifications (see Note 10).

. Perform quality control for XCMS using the MetaboQC

program [11] or manually. XCMS creates different types of
outputs, in our case a peak table including all detected mass
traces, integrated intensity values and a number of extracted ion
chromatograms (comparison between two replicate groups)
that also show the borders for integration (se¢ Note 11).

. Perform mass peak clustering using software such as “CAMERA”

for XCMS [12], MZ-mine [13], or Metalign [14].

. Filter and sort the output data. Set for example intensity

thresholds or sort according to retention time, mass or
intensity.

. Identify masses of peak groups/clusters (= chromatographic

peaks) in raw data file.

. Identify molecular ions of compounds; compare therefore pos-

itive and negative ionization datasets in order to avoid selec-
tion of the wrong ion, due to for example neutral losses during
ionization or formation of adducts.

. Calculate elemental composition of compounds using the ele-

mental composition calculator of MassLynx 4.1. Molecular for-
mulas are determined using accurate mass and isotopic pattern.

Search databases, e.g., the Natural product database or
Scifinder for possible structures.

Verify putative structures by analysis of mass fragmentation
patterns obtained by “collision energy ramp” or MS/MS
experiments.
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3.4 Identification
of Steroidal Alkaloids
and Saponins

Whereas the general procedure described above is especially useful
to identity differences between samples according to all masses
detected in the analysis, putative identification of steroidal alkaloids
and saponins has to be done according to their mass spectral charac-
teristics (Fig. 2). Thereby, the procedure can be divided into several
steps, including (a) identification of the molecular ions of present
compounds, (b) analysis of the glycosylation pattern, (c) analysis of
substitution of the aglycones by determination of specific neutral
losses and the fragmentation of the aglycones in order to distinguish
between different types of saponins and alkaloids as presented in
Fig. 3. We suggest doing the analysis in the following manner:

1. Identify molecular ions of compounds by comparison between
the mass peak clustering analysis and raw data. It is highly rec-
ommended to compare data-sets obtained by positive and neg-
ative ionization. Steroidal glycoalkaloids tend to form formic
acid adducts in the negative ionization mode ([M-H +46]"),
due the presence of formic acid in the solvent. In positive mode
[M+H]" is the most commonly detected ion, although in case
of substitutions on the aglycone [M +H-substituent]*, e.g.,
minus H,O or acetate, are observed, too. Steroidal saponins of
the furostanol-type loose easily their 22-OH group resulting in
exclusive detection of [M+H-H,O]* in the positive mode,
whereas [M-H]-, and in minor amounts the FA adducts are
observed, in the negative mode (Fig. 2). In low energy, doubly
charged ions can occur (M /2 + H*).

2. Divide compounds into putative alkaloids (even mass, com-
pounds contain one nitrogen atom) and saponins (odd mass,
no nitrogen atom in the molecule) (see Note 12).

3. Filter detected compound ions for masses higher than the mass
of possible aglycones, e.g., m/z 413 and higher for steroidal
saponins (see Note 13).

4. Perform MS/MS analysis for all detected putative steroidal
glycosides (alkaloids and saponins) using different collision
energies in order to fragment only the glycosyl moieties
(15-30 eV) or the entire molecule including the aglycone
(40-50 ¢V). Especially for the analysis of neutral losses from
the aglycone and glycosylation pattern, data obtained by
applying the collision energy ramp (see Subheading 3.2) can
be used (see Note 14).

5. Analyze glycosylation pattern of compounds. Typically steroi-
dal glycosides contain up to seven glycosyl residues, which are
mainly hexoses (galactosyl-, glucosyl-, loss of 162 Da), pen-
toses (xylosyl-, loss of 132 Da) or deoxyhexoses (rhamnosyl-,
loss of 146 Da; Figs. 1 and 2d). In rare cases, other substitu-
ents occur (see Note 15). In the example shown in Fig. 2d, the
glycosylation pattern of a-tomatine from Solanum lycopersicum
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Fig. 2 Mass spectrometric characteristics of steroidal saponins and steroidal glycoalkaloids. (a) Molecular ion
of uttroside B from Solanum nigrum detected in the positive ionization mode. (b) Molecular ion of uttroside B
detected in the negative ionization mode. (¢) structures of detected molecular ions. (d) fragmentation pattern
of the C3-glycosyl-chain of o-tomatine from Solanum lycopersicum. Characteristic fragmentation patterns
and structures of; (e) hydroxyl-tomatine as an example for tomatidine-type aglycones, (f) a-solanine from
Solanum tuberosum as an example for solanidine-type aglycones, (g) uttroside B from Solanum nigrum as an
example for furostanol-type saponins, and (h) a putative hydroxylated spirostanol-type saponin from Capsicum
sp.; m/z. mass to charge, M molecular ion, Glu glucosyl, Xyl xylosyl, Gal galactosyl
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Fig. 3 Scheme for putative identification of steroidal saponins and alkaloids via interpretation of characteristic
mass fragmentation patterns. Alkaloids and saponins can be first differentiated according to the occurrence of
odd or even (one nitrogen containing compounds) molecular ion masses. Besides analysis of glycosylation
pattern (mainly from C3) hydroxyl-, acetyl- and methoxyl-substitutions lead to specific neutral losses of 18, 32,
and 60 Da (most common aglycone substituents, in rare cases also other groups can occur, e.g., carboxyl).
Discrimination between different aglycone structures can be done either according to specific neutral losses
(e.g., =144 Da for furostanol-type saponins, —142 Da for spirostanol-type saponins) or by analysis of the
aglycone mass and masses of fragmentation products of these aglycones. m/z mass to charge, Da Dalton, =
double bond

is determined to 3*hexose + 1 *pentose. Loss of xylose as well
as glucose directly from the molecular ion indicates that both
sugar residues are located at the end of the glycosyl chain.

6. Identify characteristic neutral losses, besides sugars, that pro-
vide a hint to the substitution of the aglycone. As shown in
Figs. 1 and 3, hydroxyl, acetyl and methoxyl substituents are
common for steroidal glycosides. Neutral losses of 18, 32, or
60 Da from the molecular ion or a difference of 16 Da between
positive and negative ionization (see step 1 of Subheading 3.4)
(Figs. 2 and 3) are characteristic for these substitutions.

7. To distinguish between different types of aglycones (Fig. 1),
analyze the mass and the fragmentation pattern of the carbon
backbone. In case of steroidal saponins, two major types are
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formed in Solanaceae species, furostanol- and spirostanol-type
saponins. Dependent on the substitution pattern determined
before, specific neutral loss of the side-chain can be used for
differentiation. If the putative compound does not have substi-
tutions on the aglycone, a loss of 144 Da is characteristic for
the spirostanol-type, resulting in fragment masses of m/z 435
and 433 which are the ions for rings A-D (Fig. 1) plus a hexose
moiety at C3, without or with the 5-6 double bond. If the
molecules are substituted on the aglycone side-chain a charac-
teristic loss of 142 Da is observed, resulting in fragment masses
of m/z 435,433, or 431 depending on the number and posi-
tion of the substitution (Figs. 2h and 3) [15]. For confirma-
tion of the putative assignment, marker ions m/z 417-413
(aglycone without sugars) and m/z 273/271 (ions of rings
A-D) can be used to determine position of the substitution
and the possibility of a double bond in the molecule.
Furostanol-type compounds typically loose water by loss of the
free 22-OH group (Fig. 2a—c). Hence water loss and loss of
the resulting side chain (-144 Da, Fig. 2g) is a clear indication
for the furostanol-type. As described for spirostanol-type sapo-
nins the number of substitutions and saturation of the agly-
cone can be determined by analysis of the fragments of the
aglycone (Fig. 3).

. Steroidal alkaloids show a similar fragmentation behavior,

although loss of the side chain is not observed as in the case of
the saponins. When compounds are not substituted, aglycone
masses of m/z 416 and m/z 398 (carbon backbone without
sugars) are detected for tomatidine/solasodine-type and
solanine-type alkaloids, respectively (Fig. 2d, f). If m/z 414 is
observed as the dominant aglycone-fragment ion for non-
substituted molecules together with fragment ions of m/z 271
and 253, the compounds are putative dehydro-tomatidine/
solasodine-type alkaloids.

. In the case of substituted compounds (e.g., acetyl or hydroxyl),

elemental compositions and hence the detected ions, can be
identical for different types of structures (for example hydroxyl-
solanine and dehydro-tomatidine). To assign the correct struc-
ture, combinations of mass fragments have to be taken into
consideration as well as their relative abundance.

These ions include typical aglycone masses like /2 414,/412
(hydroxyl-tomatidine after water loss /hydroxyl-dehydro-toma-
tidine after water loss, but also possibly hydroxyl-solanine) in
combination with further fragments of these, for example m,/z
273,271 (A-D ring fragment), m,/z 255, 253 (A-D ring frag-
ment minus water). Characteristic ions of solanidene-type mol-
ecules are for example m,/z 396,/394 (desaturated solanidene)
and m/z 378/376 (desaturated solanidene minus water).
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11.

Although these last mentioned ions can occur in tomatidine/
solasodine-alkaloids’ spectra, too, higher relative intensity
compared to m/z 414, 412 supports a solanidene-type agly-
cone (see Note 16).

The scheme shown in Fig. 3 summarizes the differences in
fragmentation behavior that can be used for and efficient puta-
tive assignment of unknown steroidal glycosides structures
(saponins and alkaloids) according to the proposed stepwise
analysis strategy of mass fragmentation spectra.

4 Notes

. Prepare stock solutions with a concentration of 1 mg/mL in

MeOH for all standards except tomatine and tryptophan.
Tomatine can be dissolved in MeOH in a concentration of
0.5 mg/mL by sonication. Tryptophan is dissolved in 80 %
MeOH supplemented with 2 % FA by sonication. It is recom-
mended to start with a higher percentage of water, because of
the poor solubility of the compound in MeOH. A QC-mix is
prepared by combination of equal amounts of all stock solu-
tions (final concentration 83 pg/ml, tomatine 42 pg/mlL)
and is stored at —20°C. Prior to injection this mix is further
diluted 1:10 with MeOH.

. All plastic materials have to be resistant to 75 % MecOH /0.1 %

FA.

. Ion mobility separation technology can be used to separate

isobaric compounds (co-eluting compounds, e.g., isomers)
and hence to reduce noise and complexity of MS and MS/MS
spectra that is due to overlapping isotope and fragmentation
patterns.

. The ratio of MeOH /ddH,0 should be adjusted according to

the biological material used. For tissues such as tomato fruit that
have a high water content, addition of three volumes of MeOH
was found to be optimal to obtain a final MeOH /water ratio of
about 75 %. Furthermore some tissues are rich in organic acids,
hence no additional acidification is necessary [10].

. Pre-cool spatula in liquid nitrogen to avoid sticking and thaw-

ing of material on it.

. A solvent/biomaterial ratio of 3:1 is used normally. Depending

on the tissue and the abundance of the compounds of interest
this ratio can be changed (e.g., 2:1 to increase concentration of
trace metabolites).

. To control system stability we use a 12-compound standard mix

(8 pg/mL each, tomatine 4 pg/mL). The compounds are
selected substances known from plants and cover the polarity
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range of the chromatographic run from 2 min (L-phenylalanine)
to 19.5 min (kaempferol) as well as a broad mass range (e.g.,
m/z 179.03 for caffeic acid, m/z 1,078.5 for tomatine
[M-H +FA] in negative ionization mode). This allows its use
for stabilization of retention times and control of mass accuracy.
Furthermore, the column performance over time can be moni-
tored by comparison of peak resolution and shape of QC-mix
injections on new and old columns.

. Injection of higher volumes is not recommended because it

leads to bad peak shape and loss in resolution. For analysis of
low abundant compounds, concentrate the extract, e.g., via
lyophilization.

. Compare QC-mix samples to control stability of retention

times, intensity, and mass accuracy.

An example of a script for peak detection and processing is
shown below. Different parameters thereby depend strongly
on the quality of the raw data or on the general specifications
of the analytical setup. Most of these parameters are defined in
line 1, including mass accuracy (20 ppm), peakwidth (5-20 s),
prefilter (three consecutive scans have to display an intensity
higher than 15 IPS), the signal to noise threshold and the inte-
gration method. For example, mass accuracy could be lowered
when using an instrument with a higher resolution. When
using HPLC instead of UPLC peaks will be much wider. Also
further steps depend on the quality of the entire dataset,
because grouping (group) and retention time correction (ret-
cor) is done for masses that appear in all or many samples
(chromatograms). In cases of large retention time shifts from
sample to sample; this will result in a low number of peaks in
the final output. The last line in the given example script
defines the given output after peak picking and processing of
the dataset.

Example-Script for XCMS Peak Picking

e Name = xcmsSet(method="centWave", ppm=20,
peakwidth=c(5,20), prefilter=c(3,15), snthresh=10, inte-
grate=1, mzdiff=-0.001)

* Name = group(Name, bw = 5, mzwid = 0.06, minsamp = 1)

e Name = retcor(Name_cor, method = "loess", plottype =
"none", span = 2)

e Name_cor = group(Name_cor, bw = 4, mzwid = 0.00,
minsamp = 1)

e Name_fill = fillPeaks(Name_cor)

e diffreport(Name_fill, 'SG1', 'SG2', 'Name', sortpval =
TRUE, 200, metlin = -0.05)
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11.

12.

13.

14.

15.

Typically an XCMS output table contains between several
hundred and several thousand mass traces. If this number is
significantly lower, the parameters need to be adjusted in cases
when in the chromatogram more compounds/masses are
clearly observed. In the table generated each line represents a
mass trace and the intensity in each sample for this mass is
given. The replicate to replicate reproducibility (e.g., WT1,
WT2, WT3) can be checked by comparison of these values.
Differences thereby can be due to different extraction effi-
ciency between samples, but also to chromatographic varia-
tions between injections. This variance can lead to missing of a
mass trace at a retention time in the chromatogram of a sample
in which the peak is shifted and hence does not fulfill the crite-
ria defined for XCMS. Analysis of the extracted ion chromato-
grams allows control of integration borders as well as alignment
of mass trace peaks between the samples.

Steroidal alkaloids typically contain one nitrogen atom; hence
they show an even mass. This observation is of course also true
for compounds containing three or five nitrogen (or odd mass
for two nitrogen atoms). Therefore this differentiation of gly-
coalkaloids and saponins is preliminary and putative assign-
ment always has to be validated by calculation of elemental
composition and analysis of the fragmentation pattern.

Filtering of data for masses higher than the possible aglycone
removes all mass peaks that originate from fragmentation that
already occurred at low collision energy and can reduce the
complexity of the XCMS output table significantly.

For high abundant compounds, like for example uttroside B
from Solanum nigrum [16] or a-tomatine from tomato [4],
analysis of the collision energy ramp data can be sufficient for
putative identification, since here the signal to noise ratio is
sufficient to assign all fragments to the compounds. For many
low intensity signals, mass fragments of co-eluting substances
interfere with the compound specific ions, e.g., for two differ-
ently glycosylated but co-eluting alkaloids it is not possible to
determine the origin of the sugar residue loss. In these cases
only MS/MS data can lead to a putative identification.

Rare substituents on the glycosyl-chain include for example
organic acids (e.g., ferulic acid, coumaric acid). Difterentiation
between losses of sugar residues and acids can be done either
according to their accurate mass or by looking for glycosylated
aromatic acids in the product ion spectrum, that are formed via
alternative fragmentation with the steroidal molecule part as a
neutral loss. Another indication for the presence of aromatic
substituents is a higher double bond equivalent than usual
when calculating the elemental composition using MassLynx
4.1 elemental composition calculator.
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16. Although shown to be a powerful tool for putative assignment
of steroidal glycosides the presented method of mass spectra
interpretation cannot completely solve the structure of newly
detected molecules. The correct order of sugar residues can
only be partially determined and the exact position of substitu-
ents/double bonds on the aglycones becomes not completely
clear. However, such information is most helpful in discrimi-
nating between the (often) large numbers of possible struc-
tures obtained for a given calculated elemental composition.
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ABSTRACT

Steroidal alkaloids (SAs) are plant defense compounds produced in the Solanaceae tamily and
considered as anti-nutritional factors in the human diet. Recently, a multi-step pathway for SA
biosynthesis was proposed starting from cholesterol up to the glycosylated SAs (i.e. steroidal
glycoalkaloids; SGAs). Here, we discovered that GLYCOALKALOID METABOLISM 9 (GAMEY),
an APETALA2/Ethylene Response Factor (AP2/ERF), regulates SGA biosynthesis. GAME?Y is
closely related to transcription factors regulating the biosynthesis of nicotine (a pyridine alkaloid) in
Nicotiana tabacum and terpenoid indole alkaloids in Catharanthus roseus. Downregulation of
GAME?Y in tomato resulted in a considerable reduction of the main SGA a-tomatine levels in leaves.
Conversely, overexpression of GAMEY caused an increase in a-tomatine in tomato and a-chaconine
and a-solanine in potato, together with an altered sterol composition. Altered GAME9 expression
affected genes involved in the biosynthesis of SGAs and the upstream cholesterol precursor
pathway. Some but not all of these genes are direct targets of GAMED9, hence, likely additional
transcriptional regulator(s) that act either downstream or interact with it may be involved. Our
findings provide insights into the transcriptional regulation of SA biosynthesis and means for
manipulation of these defense metabolites in Solanaceae crops in which high SGA levels affect

product quality.



36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

INTRODUCTION

Steroidal alkaloids (SAs) and their glycosylated forms (steroidal glycoalkaloids; SGAs) are
nitrogen-containing toxic compounds occurring primarily in the Solanaceae and Liliaceae plant
families (Heftmann, 1983). This class of metabolites is produced in Solanaceae vegetable crops
such as potato (Solanum tuberosum), tomato (Solanum lycopersicum) and eggplant (Solanum
melongena). Although SGAs contribute to plant resistance to a wide range of pathogens and
predators, including bacteria, fungi, oomycetes, viruses, insects and animals (Milner et al., 2011),
some are considered as anti-nutritional compounds to humans due to their toxic effects (Eich, 2008;
Roddick, 1996).

In potato, a-chaconine and a-solanine comprise >90% of the total SGA content in the
tubers. Nevertheless over 50 different SGAs have been identified in a variety of potato wild species
and commercial cultivars (Itkin et al., 2013; Shakya and Navarre, 2008). In tomato, a-tomatine and
dehydrotomatine are the major SGAs in green tissues, while esculeosides are predominant in the red
ripe fruit (Fujiwara et al., 2004; Itkin et al., 2011; Mintz-Oron et al., 2008). About 100 SAs have
been reported in different tissues and developmental stages of tomato (Iijima et al., 2013; Moco et
al., 2006; Itkin et al., 2011; Schwahn et al., 2014). Explored to a lesser extent, a-solasonine and a-
solamargine are the two major SGAs found in eggplant (Mennella et al., 2012; Sdnchez-Mata et al.,
2010). Early studies of SGA biosynthesis in potato reported on the characterization of three
glycosyltransferases  (SGTs)- SGT1 (a  galactosyltransferase; GAMEL), SGT2 (a
glucosyltransferase) and SGT3 (a rhamnosyltransferase; GAME?2)- that are involved in the addition
of sugar moieties on the aglycone solanidine, leading to specific synthesis of either a-solanine or a-
chaconine (Moehs et al., 1997; McCue et al., 2005, 2006, 2007). In tomato, the first gene reported
to be involved in the synthesis SGAs was GAME|, encoding a glycosyltransferase homologous to
the potato SGT1, which catalyzes the galactosylation of the aglycone tomatidine (Itkin et al., 2011).

Recently, Itkin et al. (2013) reported a set of GLYCOALKALOID METABOLISM (GAME)
genes that participate in the core pathway producing SGAs in both potato and tomato.
Consequently, an elaborated pathway for SGA biosynthesis in the Solanaceae family, starting from
the precursor cholesterol up to the SGAs, was proposed (Itkin et al., 2013). Extensive functional
characterization suggested that cholesterol undergoes several hydroxylation, oxidation,
transamination and glycosylation steps to generate SGAs. The GAME genes were found to be
located physically close to each other in the genome and thus organized in a form of metabolic gene

3
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clusters. In tomato six GAME genes are positioned in a cluster on chromosome 7, whereas two
other genes are located next to each other on chromosome 12. Furthermore, two additional genes,
encoding cytochrome P450s (P450s), not belonging to these clusters, were also associated with
SGA biosynthesis (GAME7 and GAMES). In potato, four SGA-related genes are located on
chromosome 7 and two on chromosome 12 (Itkin et al., 2013). In tomato, the GAME genes include
P450s [GAME7, GAMES, GAMEG6 (chromosome 7 cluster) and GAME4 (chr. 12)], a dioxygenase
(GAMEI11; chr. 7) involved in the hydroxylation and oxidation of the cholesterol skeleton and a
transaminase protein (GAMEI12; chr. 12) required for the incorporation of the nitrogen atom into
the SA aglycone. Finally, glycosyltransferases (GAME1, GAME17, GAMEI18 and GAME2; chr. 7)
required for generating the sugar moieties that decorate the SA aglycone were also among the
clustered genes.

Cholesterol, produced through the cytosolic isoprenoid mevalonate pathway is a key
precursor in the biosynthesis of SGAs in the major families of plants producing this class of
specialized metabolites. In sharp contrast to other kingdoms, the pathway leading to cholesterol
biosynthesis in plants is yet unresolved. In the first part of the known mevalonate pathway, acetyl-
CoA undergoes multiple enzymatic reactions to yield squalene. These reactions include two
committed steps: the conversion of 3-hydroxy-3-methylglutaryl CoA to mevalonic acid, catalyzed
by a family of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR) enzymes, and the
synthesis of squalene by squalene synthase (SQS) (Nes, 2011; Ginzberg et al., 2012). Squalene is
subsequently oxidized to form 2,3-oxidosqualene, a branch point intermediate metabolite leading to
multiple triterpenoids, including a-, f-amyrin, lupeol and cycloartenol. The latter metabolite
represents a key branching point between the pathways forming the C-24 alkylated phytosterols
(e.g. campesterol, S-sitosterol) and cholesterol (non-alkylated sterols).

Very recently, research related to SGA biosynthesis advanced our knowledge regarding the
pathway to cholesterol formation in SGA-producing Solanaceae species. Sawai et al. (2014)
demonstrated that STEROL SIDE CHAIN REDUCTASE 2 (SSR2) exhibits A*** reductase
activity that converts cycloartenol to cycloartanol in the first committed step towards cholesterol
formation. Hence, SSR2 directs the pathway towards cholesterol and SAs instead of to alkylated
sterol biosynthesis (Sawai et al., 2014). On the other hand, STEROL METHYLTRANSFERASEI1
(SMT1) directs the pathway towards C-24 alkylsterols by adding a methyl group at the C-24

position of the cycloartenol side chain (Diener et al., 2000). Overexpression of a soybean SMT/ in
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potato plants therefore increased the metabolic flux of cycloartenol into alkylated sterols at the
expense of cholesterol (Arnqvist et al., 2003).

In contrast to the intense research related to structural genes of the pathway, the
transcriptional regulation of SGA biosynthesis and its cholesterol precursor pathway is utterly
unclear. Some transcription factors have been identified that regulate the biosynthesis of other
classes of alkaloids in different plant species (van der Fits and Memelink, 2000; De Sutter et al.,
2005; Shoji et al., 2010; Todd et al., 2010; De Boer et al., 2011; De Geyter et al., 2012; Yamada et
al., 2011; Yamada et al., 2015). A major class of transcriptional regulators mediating plant alkaloid
biosynthesis is the one represented by the APETALAZ2/ethylene response factors (AP2/ERF) family
members. The AP2/ERF transcription factor ORCA3 regulates the biosynthesis of terpenoid indole
alkaloids (TIAs) in Catharanthus roseus (van der Fits and Memelink, 2000). ORCA3 gene
expression is induced by jasmonate and is regulated by direct binding of the basic helix-loop-helix
(bHLH) transcription factor CrMYC2 to the ORCA3 gene promoter (Zhang et al., 2011). Close
homologs of ORCA3 in Nicotiana tabacum present in the N/C2 locus were associated with nicotine
levels in the tobacco leaf and have been used extensively in breeding of low-nicotine tobacco lines
(Hibi et al., 1994). Specifically, the NIC2 locus comprises at least seven ERF transcription factors
that regulate the expression of structural genes in the biosynthesis of nicotine. In the nic2 mutant,
this ERF gene cluster is deleted, resulting in a low-nicotine phenotype (Shoji et al., 2010). Genes
present in the N/C2 locus include ERF189 and ERF221 (also known as ORCI1; De Sutter et al.,
2005). Overexpression of ERFI189 and ERF221/ORCI was sufficient to stimulate nicotine
biosynthesis in tobacco plants (Shoji et al., 2010; De Boer et al., 2011). Members of the ERF family
of transcription factors can recognize three different GC-rich boxes in the promoters of target genes
(Shoji et al., 2013). For instance, ERF189 binds a P-box (5’-CCGCCCTCCA-3’) in the promoter of
the putrescine N-methyltransferase (PMT) gene involved in the formation of the pyrrolidine ring in
nicotine (Shoji et al., 2010). ORCA3 can recognize a CSI1-box (5’-TAGACCGCCT-3’) in the
promoter of the TIAs biosynthetic gene strictosidine synthase (STR). Finally, the Arabidopsis ERF1
functions as an activator of transcription mediated by a GCC box (5’-AGCCGCC-3") (Fujimoto et
al., 2000).

In this study, we characterized GLYCOALKALOID METABOLISM 9 (GAMEY9), an
AP2/ERF transcription factor that regulates the biosynthesis of steroidal alkaloids in Solanaceae
plants. Based on previously reported quantitative trait loci (QTLs) associated with SGA content in
potato and co-expression analysis, we found that GAME?Y is part of an ERF-gene cluster existing in
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potato and tomato. Analyses of transgenic plants as well as promoter binding assays suggested that
GAMED exerts its activity through interaction or activation of additional regulatory proteins as well
as by directly controlling the levels of the upstream cholesterol precursor pathway. The findings
provide insight into the transcriptional regulation of SAs in Solanaceae plants as well as a base for

engineering plants with modified levels of these anti-nutritional compounds.
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RESULTS

Initial evidence that GLYCOALKALOID METABOLISM 9 is associated with steroidal
glycoalkaloid biosynthesis

In a previous study, we discovered an AP2/ERF type transcription factor (Solyc01g090340 and
Sotub01g029510, in tomato and potato, respectively) displaying a similar expression pattern to
genes in the tomato and potato SGA biosynthetic pathway (Itkin et al., 2013). To further
characterize the involvement of this putative regulator (named GLYCOALKALOID
METABOLISM 9; GAMEDY) in the control of SGA biosynthesis, we carried out combined co-
expression analysis using potato and tomato transcriptome data. A total of 1,260 and 168 genes
were co-expressed with GAMEY in tomato and potato, respectively (Figure 1; Supplemental Table
1). Thirty seven homologous genes were co-expressed with GAMEY in both potato and tomato
(Figure 1A; Supplemental Table 2). Among the co-expressed genes, we found all those previously
associated with SGA biosynthesis in potato including GAME2, GAMEI1, GAME6 and GAME1 on
chromosome 7, and GAME12 and GAME4 on chromosome 12. Similarly, in tomato, GAMEI1,
GAMEG6, GAME17, GAMEI and GAMEIS on chromosome 7, and GAMEI2 and GAME4 on
chromosome 12 were co-expressed with GAME9 (Figure 1A). Genes encoding HMGR and SQS,
involved in the synthesis of isoprenoid precursors in the mevalonate pathway, were not co-
expressed with GAME?Y in either species (Supplemental Table 1). Interestingly, sterol biosynthesis
related (phytosterols and cholesterol) genes, SSR2 and CYCLOARTENOL SYNTHASE (CAS) were
co-expressed with GAMEY in tomato (r-value>0.73) while only SSR2 was co-expressed with the
potato GAMEY gene (Supplemental Table 1). When examined across 19 different tomato tissue
types, GAME?Y was highly expressed in leaf and flower buds. In fruit tissues, it was expressed early,
predominantly in the immature stages of development (Figure 1B) while displaying some, albeit
relatively low level of expression in petals and root tissues. The expression pattern of GAMEY was
analyzed using RNA in situ hybridization. In 13-day-old tomato shoots, GAME9 was expressed in
both young leaves and throughout the vascular system. GAMEY expression was also detected in

mature leaves, mostly in the outer layers of the blade (Figure 1C).

An AP2/ERF-gene cluster containing GAMEDO is part of a major QTL linked to SGA content

in potato



169
170
171
172
173
174
175
176

GAMES
(eYP72)

(UG

GAME12
(Trans-
aminase)

L

B 60
3
Zso
a
—
]
s
L
=
2
a
g = -
By B
B
O . - e T — — ' .-
\(9‘15’ ¢ ¢ TOPF TP S Q'\g‘i\ &
A M)
<

Peel Flesh Seeds Figure 1. Cardenas et al. 2015
Figure 1. Co-expression network of GAMEY in potato and tomato.

(A) Using RNA-Seq transcriptome data from potato and tomato, we found that GAME9 was co-expressed with most of the SGA
biosynthetic genes. Thirty seven shared homologs were co-expressed in both potato and tomato (see Supplemental Table 1 and
Supplemental Table 2). C-5 SD: A(7)-STEROL-C5(6)-DESATURASE, SMO1: METHYLSTEROL MONOOXYGENASE 2-2-LIKE, OXR: 3-
p HYDROXYSTEROID DEHYDROGENASE, CAS: CYCLOARTENOL SYNTHASE.

(B) Expression profile (from RNA-sequencing) of GAMEY in different tomato tissue types and developmental stages. IG: immature
green, MG: mature green, BR: breaker, Or: orange, R: ripe.

(C) In situ mRNA hybridization showing GAME9 expression in wild-type tomato shoot meristems. Both longitudinal and transverse

sections are shown. Arrows indicate higher expression in the vascular system and the outer layer of the leaf blade. Scale bars: 200 pm.

Identification of QTLs linked to total SGA content in potato tubers has been of high interest in
breeding of new potato cultivars. Serensen et al. (2008) reported a highly significant QTL on
chromosome 1 that explained a major proportion of the SGA content in potato tubers (both in dark
and light exposed tubers). Considering that GAMEY is located on chromosome 1, we suspected that
it might be associated with this earlier reported QTL. The potato QTL was flanked by the simple
sequence repeat (SSR) markers STM5136 and STM2030 (Serensen et al., 2008). We used these
SSR markers to identify the corresponding chromosomal region spanning 6.6 Mbp on chromosome

1 of tomato [between markers TG21 and TG59 (Figure 2A)]. Interestingly, in both species, GAME?9
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Figure 2. Cardenas et al. 2015
Figure 2. GAMEY is part of an ERF-gene cluster in the Solanaceae and is related to other alkaloid-associated regulatory genes.

(A) A major QTL involved in the synthesis of SGAs is present on potato chromosome 1 (Serensen et al., 2008). The QTL is flanked by
the SSR markers STM5136 and STM2030. Using a comparative map viewer we identified the corresponding region in tomato (markers
TG21 and TGS9). *- GAME9 was found to be located in this QTL region in both potato and tomato.

(B) Schematic presentation of GAME9 and GAME9-like genes in chromosomal regions of potato and tomato. In these regions, we found
clusters of ERF genes spanning a ~230 kbp region in potato and a region of ~104 kbp in tomato.

(C) Phylogenetic analysis of GAMEY and other related AP2-family proteins from tomato (SI), potato (St), tobacco (Nt), N. benthamiana
(Nb), periwinkle (Cr), rice (Os), Brassica napus (Bn), and Arabidopsis (At). The evolutionary history was inferred using the neighbor-
joining method in MEGAG (Tamura et al., 2013). The percentage of replicate trees in which the associated taxa clustered together in the

bootstrap test (1000 replicates) is shown next to the branches. Accession numbers can be found in Supplemental Table 7.
was located inside these QTL regions, and moreover, as part of a cluster of AP2/ERF transcription

factors. In potato, a cluster spanning ~230 kilobase pair (kbp) genomic region includes GAME9
together with seven GAME9-like transcription factors, whereas in tomato, a region of ~104 kbp
contains GAME?Y and additionally four GAME9-like genes (Figure 2B).

Phylogenetic analysis showed that GAME9 and GAME9Y-like proteins are part of the ERF
[Xa subfamily (Nakano et al., 2006) divided earlier by Shoji et al. (2010) into two seprate clades.
GAMED9 and the GAME9-like proteins are part of clade 2 that includes ERF189 from tobacco, one
of the AP2/ERF proteins in the NIC2 locus involved in the synthesis of the pyridine alkaloid
9



185
186
187
188
189
190
191
192

193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216

nicotine. The same clade also includes ORCA3 and ORCAZ2, both transcription factors involved in
the synthesis of TIAs in C. roseus (Menke et al., 1999; van der Fits and Memelink, 2000; Figure
2C). Two other members of the ERF IXa subfamily clade 2 are also involved in the control of
nicotine biosynthesis, namely, the tobacco ERF221 (ORCI; De Sutter et al., 2005) and the
Nicotiana benthamiana ERF1 (Todd et al., 2010). Thus, GAME?Y represents a potential third case in
which proteins of this clade control the biosynthesis of different types of alkaloids.

Altering GAMEDO expression impacts the levels of principal SGAs in tomato and potato

To provide additional evidence regarding the role of GAMEY in SGA biosynthesis, we generated
transgenic tomato lines in which GAMEY9 was silenced (GAME9-RNA1) or overexpressed (GAME?Y-
Ox). Transgenic potato lines overexpressing GAME9 were also generated. GAMEY gene expression
was examined by qRT-PCR in both wild-type and transgenic potato and tomato lines (Figure 3A).
GAME?Y transcript levels were significantly higher in GAME9-Ox lines from potato and tomato, and
were decreased in the GAME9-RNAI tomato lines. SGAs profiling was carried out on extracts of
tomato and potato leaves and skin of potato tubers by Liquid Chromatography Mass Spectrometry
(LC-MS). In leaves of potato GAME9-Ox lines, the levels of a-solanine and a-chaconine increased
between 3.5-4.6 fold and 2.8-4.2 fold, respectively as compared to wild-type plants (Figure 3B).
Likewise, in tuber skin isolated from the same potato lines, we detected an increase in a-solanine
levels (up to 1.2-2.6 fold) and a-chaconine (up to 1.2-2.1 fold) (Figure 3B). In tomato, the level of
a-tomatine was significantly reduced in GAME9-RNAI lines, while it was increased up to 1.5-2.8

fold when GAME?Y9 was overexpressed (Figure 3B).

The effect of altered GAME9 expression on levels of mevalonate pathway intermediates and
its branches in potato

We envisaged that regulation of SGA contents by GAMEY is achieved, at least partially, by
regulating the flux through the mevalonate pathway and its branches. These include C-24 alkylated
phytosterols (e.g. campesterol and S-sitosterol), non-alkylated sterols (primarily cholesterol, which
is the precursor for SGA biosynthesis), and the triterpenoid branch. Gas Chromatography Mass
Spectrometry (GC-MS) was employed to profile the various metabolic intermediates in leaves of
the four GAMEY9-Ox lines. Overexpression of GAME?Y in potato resulted in a dramatic decrease in
levels of cycloartenol and cycloartanol, early intermediates in cholesterol biosynthesis (Figure 4 and

Figure 5). Cholesterol itself showed a slight, but significant increase in leaves of the GAME9-Ox
10
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Figure 3. Cardenas et al. 2015
Figure 3. Changes in GAME9 expression in potato and tomato results in altered levels of the predominant SGAs.

(A) GAMEDY gene expression (QRT-PCR) in GAME9-Ox and GAMEY-RNAI lines in potato and tomato.
(B) Levels of a-solanine and e-chaconine in leaves and peel of potato tubers of GAME9-Ox lines and levels of a-tomatine in leaves of

GAME9-RNAi and GAME9-Ox tomato lines.
Values represent means * standard errors (n=3). Student’s r-test was used to assess whether the transgenic lines significantly differ from

wild-type plants: ***P value < 0.001.
lines (Figure 4). Interestingly, f-amyrin and campesterol contents were also increased, yet, /-

sitosterol was detected in levels similar to those in leaves of wild-type plants (Figure 4 and Figure
5). These observations point to increased flux to cholesterol as well as to a certain part of

phytosterol (i.e. campesterol) biosynthesis due to GAMEY overexpression.

Quantitative Real-Time PCR analysis of transcripts associated with SGAs, mevalonate and

downstream pathways in the GAMEDO altered plants

We used quantitative Real-Time PCR (qRT-PCR) to examine the expression level of SGA
biosynthesis genes and those in the mevalonate and downstream pathways (towards triterpenoids,

phytosterol and cholesterol biosynthesis) in the GAME9 altered plants. In potato, GAME9

11
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Figure 4. Cardenas et al. 2015
Figure 4. Cholesterol and other sterols levels in potato GAME9-Ox lines.

Relative abundance of six sterols in leaves of four independent GAME9-Ox plant lines as compared to wild-type (WT) measured using
GC-MS. Epicholesterol was used as an internal standard. Relative metabolite levels are expressed as ratios of peak areas compared to
internal standard. Values represent means # standard errors (n=3). Student’s /-test was used to assess whether the transgenic lines

significantly differ from wild-type plants: *P value < 0.05; **P value < 0.01; ***P value < 0.001.
overexpression did not change the expression of genes involved in the synthesis of triterpenoid

precursors (i.e. HMGR, SQS), f-amyrin (TRITERPENOID SYNTHASE 1, TTS1, Wang et al., 2011)
and campesterol/f-sitosterol (SMT17) (Figure 5; Supplemental Table 3). However, genes acting
downstream to 2,3-oxidosqualene, towards the formation of sterols, including CAS and particularly
SSR2, encoding the enzyme performing the first step in the biosynthesis of cholesterol from
cycloartenol, were upregulated in the GAME9-Ox potato lines. Similarly, in the same lines, the
GAME genes responsible for the synthesis of the solanidine aglycone (GAME11, GAME6, GAME4
and GAMEI12) and the subsequent glycosylation (GAMEI, GAME2 and SGT2) were all
significantly upregulated (Figure 5; Supplemental Table 3).

In tomato, we found that when GAME9 was either silenced or overexpressed, expression of
HMGR and SSR2 was significantly altered (down and upregulated in the GAME9-RNAi and
12
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Figure 5. Cardenas et al. 2015
Figure 5. Expression of genes involved in the synthesis of SGAs and sterol precursors in potato leaves derived from GAMEY-Ox lines

determined by qRT-PCR and RNA-Seq analyses.

Schematic view of the sterol and SGA biosynthetic pathway. Dashed arrows represent multiple biosynthetic reactions whereas solid
arrows represent a single step. The graphs next to each gene name show expression levels in wild-type and four GAME9-Ox independent
lines (lines 1:#7, 2:#20, 3:#21 and 4:#22) determined by qRT-PCR. According to RNA-Seq data, HMGR, SQS, TTS1 were not altered,
and SGT2 was overexpressed in GAMEY-Ox lines. Arrows next to each compound represent an increase (red) or decrease (blue) in potato

GAME9-0x lines (see Figure 3 and Figure 4).
GAME9-0x lines, respectively). However, expression of 775/ involved in the triterpene f-amyrin

formation was not affected. Altered expression of GAMEY did not affect SOS, CAS and SMTI
expression levels (Figure 6; Supplemental Table 4). Finally, 7 out of 8 examined GAME genes
involved in the synthesis of the SGA aglycone tomatidine and its glycosylation were altered in

expression, at all times correlating with the GAME?Y transcript levels.

Transcriptome changes in GAMEO9 overexpression and silenced lines

To obtain a more global picture of genes that are downstream of GAME9 and to understand more
precisely the metabolic pathways under its control, we performed RNA-sequencing (RNA-Seq) in
13
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Figure 6. Cardenas et al. 2015
Figure 6. Expression of genes involved in the synthesis of SGAs and sterol precursors in tomato leaves derived from GAME9-RNAI and

GAME9-0Ox lines.

A schematic view of the sterol and SGA biosynthetic pathways. Dashed arrows represent multiple biosynthetic reactions whereas solid
arrows represent a single step. Graphs next to each gene name show expression levels in three wild-type (WT1, WT2, WT3), three
GAME9-RNAI (lines RNAi- 1:#6319, 2:#6320 and 3:#6322) and one GAME9-Ox plant (line Ox-1:#6328) determined by qRT-PCR.
According to RNA-Seq data, SQS, CAS, TTS1, SMT1 and GAME2 were not altered in GAME9-Ox and GAME9-RNAI tomato lines. For
other genes, expression is represented based on RNA-Seq data, with arrows next to each gene depicting an increase (red) or decrease

(blue) in GAME9-Ox and GAME9-RNAI lines, respectively.
leaf tissue of GAME9-RNAi and GAME9-Ox tomato lines and wild-type. Transcriptome analysis

was also conducted on leaves of potato lines overexpressing GAME9 and wild-type ones. Silencing
of GAME?Y in tomato resulted in 931 genes that were downregulated [fold change log, (RNA1/WT)
< -0.5; Supplemental Table 5]. When GAME9 was overexpressed, 1,002 genes were upregulated in
tomato [fold change log, (Ox/WT) > 0.5]. GAME?Y overexpression in potato, led to upregulation of
1,829 genes [fold change log, (Ox/WT) >0.5; Supplemental Table 5].

A concise set of 27 genes (including GAME?9) was found in common between the down- and
upregulated genes in the GAME9-RNAi and GAME9-Ox tomato lines, respectively (Table 1).
Among these, we found a significant representation of SGA biosynthetic genes (GAMES), explicitly
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those located in the metabolic gene cluster in tomato chromosome 7 (GAMEs 1, 6, 11, 17 and 18;
Supplemental Figure 1; Itkin et al., 2013). This gene set also contained an additional gene in the
SGAs cluster on chromosome 7, a sequence with homology to cellulose synthase family proteins
(Solyc07g043390). Transcript of the CELLULOSE SYNTHASE sequence was also found to be
significantly co-expressed with GAME?Y in both tomato and potato (Figure 1; Supplemental Table
2). Four genes out of the 27 could be associated with sterol metabolism, possibly phytosterol or
cholesterol biosynthesis. Recent work reported one of the four genes, namely SSR2, a sterol side
chain reductase catalyzing the first committed step towards cholesterol formation in the Solanaceae
(the conversion of cycloartenol to cycloartanol; Figure 5; Sawai et al., 2014). The three additional
genes include homologs of a A(7)-STEROL-C5(6)-DESATURASE (C-5SD), METHYLSTEROL
MONOOXYGENASE 2-2-LIKE (SMO1) and a 3-B HYDROXYSTEROID DEHYDROGENASE
(OXR) (Table 1). Out of these 4 sterol metabolism associated genes, SSR2 was co-expressed with
GAME9 in both potato and tomato, while the other three (i.e. C-55D, SMOI and OXR) were
significantly co-expressed with the GAME?Y transcript in tomato (Figure 1). Finally, among the 27
genes set we found a homolog of the £3 UBIQUITIN-PROTEIN LIGASE RMAIHI-LIKE. Apart
from being significantly co-expressed with GAME9Y (Supplemental Table 1), this gene is related to
an ERAD-type RING membrane-anchor E3 ubiquitin ligase reported to control the activity of 3-
hydroxy-3-methylglutaryl-CoA reductase (HMGR) (Pollier et al., 2013), the rate-limiting enzyme
in the mevalonate pathway leading to cholesterol and subsequently SGAs formation.

A set of 466 genes was found in common between the upregulated genes in the GAME9-Ox
tomato and potato lines (Supplemental Table 5). Among them, we found a high representation of
GAME genes located on chromosome 7 both in potato and tomato (GAMEs I, 6 and 11).
Interestingly, CELLULOSE SYNTHASE is inside the chromosome 7 cluster of metabolic genes and
was upregulated in tomato and potato in the GAME9-Ox leaves. The SSR2, A(7)-STEROL-C5(6)-
DESATURASE and the E3 UBIQUITIN-PROTEIN LIGASE RMAIHI-LIKE were also among the

genes upregulated in both the potato and tomato overexpression lines (Supplemental Table 5).

GAME transactivates genes involved in cholesterol biosynthesis

To study the GAMED transactivation capacity of upstream regions of the putative target genes, we
performed transient luciferase expression assays in tobacco protoplasts. Altogether, we assayed a
total of 18 different putative promoter regions (ranging in size from 1200 bp to 2700 bp) of known

tomato SGA genes and those putatively involved in the synthesis of SGAs or the mevalonate and
15
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Figure 7. Transactivation assays of putative downstream gene promoters by the GAMEDY transcription factor.

The capacity of GAMES9 to transactivate 18 different promoters of candidate downstream genes was evaluated in protoplasts prepared
from tobacco Bright Yellow-2 (BY-2) cells (n=4). A validation experiment (n=8) was performed, confirming the transactivation of the C5-
SD and A14-SR promoters (Supplemental Figure 2). Values in the y-axis are normalized fold-changes relative to protoplasts cotransfected
with the reporter constructs and a pCaMV35S:GUS (GUS) control plasmid. For the normalization procedure, see Materials and Methods.
Details for each promoter are provided in Supplemental Table 6. Student’s t-test was used to assess whether the transgenic lines
significantly differ from wild-type plants: *P value < 0.05; **P value < 0.01; ***P value < 0.001. GAMEI: UDP-galactosyltransferase;
GAME2: UDP-xylosyltransferase; GAME4: CYP88D: GAME®G: CYPT2A; GAME7: CYPT2A; GAME?9: Ethylene responsive transcription
factor; GAME!!: 2-oxoglutarate-dependent dioxygenase; GAME2: Aminotransferase-like protein; GAME17: UDP-glucosyltransferase;
GAME]IS8: UDP-glucosyltransferase; HMGRI: HMG CoA reductase 1; HMGR2: HMG CoA reductase 2; SOQMO: Squalene
monooxygenase; SQS: Squalene synthase; SMO1: Methylsterol monooxygenase 2-2-like; SSR2: Sterol Side Chain Reductase 2; C-5 SD:
A(7)-sterol-C5(6)-desaturase; 4-14 SR: A(14)-sterol reductase.

cholesterol precursor pathways (Supplemental Table 6). After an initial screening, we found that
GAMED in this assay did not transactivate the putative promoter regions of any of the core SGA
pathway GAME genes acting in between cholesterol and o-tomatine (Figure 7). However,
transactivation was detected for the promoters of SSR2 and two genes encoding A(7)-STEROL-
C5(6)-DESATURASE and A-14 STEROL REDUCTASE, both putatively involved in the synthesis
of the cholesterol (Figure 7; Supplemental Figure 2). These experiments support that GAMEDO likely

requires additional factors to control SGA production as discussed below.
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DISCUSSION

Alkaloids represent one of the three major classes of specialized (or secondary) metabolites
produced by plants with more than 20,000 of them being reported in thousands of species to date
(Buckingham et al., 2010). The steroidal alkaloids produced by most members of the Solanum
genus in the Solanaceae family are known primarily due to the toxicity of the major potato SGAs a-
chaconine and a-solanine to mammals. In recent years, the investigation of these plant defense
molecules in the two Solanaceae model plants, tomato and potato, has accelerated significantly.
The major emphasis of the research has been on SGA identification and profiling as well as
unraveling their biosynthetic pathway (McCue et al., 2005, 2006, 2007; Shakya and Navarre, 2008;
Itkin et al., 2011, 2013; Iijima et al., 2013; Cérdenas et al., 2014). In this study, we identified
GAME9, an AP2/ERF-type transcription factor, which regulates the biosynthesis of steroidal
alkaloids in tomato and potato, and likely in other Solanaceae plants producing SGAs (e.g.
eggplant). It appears that GAME9 belongs to a separate clade of AP2/ERF transcription factors
together with proteins regulating the biosynthesis of other classes of alkaloids in other species
namely, the pyridine alkaloid nicotine in tobacco and TIAs in C. roseus. This raises thought-
provoking questions regarding the specificity of transcriptional regulation of alkaloids in plants and

its molecular evolution as discussed below.

GAMEY9 and GAMED9-like proteins are part of a clade of AP2/ERF transcription factors that

regulate the production of different alkaloid classes in plants

As in the case of its homolog ERF'189 located in the NIC2-locus in Nicotiana tabacum, the GAME9
gene is positioned inside a cluster of several similar, GAME9-like genes, both in potato and tomato.
In the tobacco NIC2 locus, seven highly similar ERF genes were shown to positively and
specifically regulate the expression of structural genes involved in nicotine biosynthesis (Shoji et
al., 2010). When these ERFs genes were used to rescue nicotine content in a nic2 background, they
showed some functional redundancy. However, ERF189 was able to recover nicotine content to the
wild-type levels (Shoji et al., 2010). Similarly, it appears that ORCA3, involved in regulation of the
TIA biosynthesis, is also positioned inside a cluster of similar genes (Kellner et al., 2015). As we
did not investigate the GAME9-like proteins, we cannot exclude functional redundancy between

cluster members (5 in tomato and 8 in potato). Yet, GAMEY was the only gene in this cluster that
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was co-expressed with other SGA genes and is thus likely to play a key role in the regulation of
SGAs in both tomato and potato.

Phylogenetic analysis showed that GAME9 and GAMED9-like proteins are part of clade 2 of
the ERF IXa subfamily (Nakano et al., 2006). Hence, GAMEY represents a third case in which
members of this clade control the biosynthesis of different types of alkaloids. It is important to note
that the unique plant family of AP2/ERF-type transcription factors typically contains more than 100
proteins in a single genome (Nakano et al., 2006). Hence, we postulate that the phylogenetic data
described above indicated that clade 2 members associated with alkaloid biosynthesis likely share a
common ancestor. Possibly, an existing transcription factor acquired new downstream gene
(promoter) targets. Nonetheless, it cannot be ruled out that these homologous regulators evolved
through separate evolutionary events.

An intriguing question is therefore what could be the common feature linking between the
different events that evolved these clade members to control pathways of alkaloid biosynthesis?
Chemical structure and similarity in biosynthetic routes is not the case, as pyridine-, terpenoid
indole-, and glyco-alkaloids are not related in these aspects. The common presence of nitrogen in
these molecules is a non-specific feature, which cannot explain this phenomenon either. Common
biosynthesis of nicotine might explain the recruitment of an ancestor nicotine pathway regulator for
controlling other, newly evolved alkaloids pathways. Nevertheless, although endogenous nicotine
has been detected in several plant species apart from tobacco including tomato (Sheen, 1988), we
could not find any report describing its accumulation in Catharanthus plants.

Genetic affiliation might be a common thread between these species as Catharanthus
(Apocynaceae family) belongs to the Gentianales order, which is related to the Solanaceae family
members’ tobacco, tomato and potato that are part the Solanales order. Both orders are positioned in
the Asterids clade. Interestingly, the Apocynaceae and Solanaceae together with the Liliaceae and
Buxaceae are the only four plant families known to produce glycoalkaloids. Another common
feature that unites these three transcriptional regulatory systems could be that an old regulator was
recruited in order to possess a common expression pattern required to generate molecules with
related defense activity. The temporal and spatial activation of these pathways at the transcriptional
level as well as the function of these alkaloids might therefore be an important evolutionary link. In
relation to this, all three pathways are known to be part of a chemical defense response that is
mediated by the stress hormone jasmonic acid (Choi et al., 1994; Aerts et al., 1994; Baldwin et al.,
1994; Ohnmeiss et al., 1997).
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Recently, Hatlestad et al. (2015) reported a similar phenomenon in which highly related
R2R3-MYB transcription factors regulate the biosynthesis of structurally unrelated plant pigments,
the anthocyanins and betalains (produced from phenylalanine and tyrosine, respectevaly). The
authors suggested that a novel pigment pathway has coopted an ancestral, anthocyanin transcription
factor, therefore employing different chemistry for providing similar functionality (e.g. in

pigmentation of flowers, fruit and epidermis).

Biosynthesis of cholesterol, the precursor pathway for SGAs is under GAME9 control

The precursor for SGA biosynthesis is cholesterol, which undergoes several hydroxylation,
oxidation, transamination and glycosylation steps to generate the SGA chemical diversity (Eich,
2008; Ohyama et al., 2013; Itkin et al., 2013). While still far from being resolved, cholesterol
biosynthesis in plants is predicted to be a multi-step branch from cycloartenol in the mevalonate
pathway. Recently, the first committed enzyme in the cholesterol pathway, SSR2, was described in
potato and tomato (Sawai et al., 2014). Several studies demonstrated the tight crosstalk between the
cholesterol and C-24 alkylsterol pathways in SGA-producing plants (Arnqvist et al., 2003;
Ginzberg et al., 2012; Sawai et al., 2014). The SSR2 reaction is therefore a junction for controlling
flux towards cholesterol and downstream to SGA biosynthesis. The enzyme SMT]1, catalyzing the
alternate branching reaction in which cycloartenol is trans-methylated to 24-methylenecycloartanol,
is not less important in maintaining the balance between the two pathways (Diener et al., 2000). Our
results with GAME9-Ox plants in both tomato and potato showed that GAME9 is most likely
involved in regulation of SSR2 but is not associated with SMT1 expression. Apart from SSR2, three
additional genes including homologs of those encoding a A(7)-STEROL-C5(6)-DESATURASE,
METHYLSTEROL ~ MONOOXYGENASE — 2-2-LIKE and a 3-f HYDROXYSTEROID
DEHYDROGENASE could be associated with cholesterol biosynthesis as their expression was
affected very significantly in the tomato GAME9-altered transgenic lines. Out of these 4 genes, the
promoter region of A(7)-STEROL-C5(6)-DESATURASE and the one of an additional candidate gene
showing homology to a 474-STEROL REDUCTASE (that is also predicted to act in cholesterol
biosynthesis) were transactivated by GAMEDY in our transient assays.

It appears that genes encoding enzymes in the mevalonate pathway, upstream of the SSR2-
SMT1 branch point, are also under some level of control by the GAMED9 transcription factor. This
was evidenced in the tomato GAME9-Ox and GAME9-RNAI lines that showed a significant change

in HMGR expression. In potato GAME9-Ox lines, a dramatic increase in CAS but not in HMGR
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expression was observed. Expression of the gene encoding SQS, an enzyme downstream HMGR in
the mevalonate pathway, was not altered in either the tomato or potato transgenic plants. Yet, it
cannot be ruled out that altered expression of the mevalonate pathway genes may be a secondary
response to altered expression of the downstream SGA pathway genes, and thus reflect not a direct
regulatory effect of GAME9.

It is hence apparent that GAME9 control of SGA biosynthesis is not restricted to the GAME
genes of the core pathway between cholesterol and a-tomatine, but it includes the upstream
biosynthetic genes of the cholesterol and possibly of the mevalonate pathways. This is likely crucial
for ensuring the flux of precursors in times of SGA production and to maintain the homeostasis in
the interface between the cholesterol pathway and the essential phytosterol biosynthetic pathway.
Likewise, the Catharanthus ORCA3 was shown to activate several TIA biosynthetic genes as well
as some primary metabolism genes involved in the synthesis of TIA precursors (van der Fits and

Memelink, 2000).

GAMED9 action as part of the transcriptional regulation of SGA biosynthesis in tomato

It was previously reported that group IXa ERFs proteins from several plant species possess similar
but diverse DNA-binding specificities and that each can differentially bind to multiple GC-rich
sequences (Shoji et al., 2013). At least three different GC-rich boxes can be recognized in
promoters of these transcription factors target genes: a P-box (5’-CCGCCCTCCA-3’), a CS1 box
(5’-TAGACCGCCT-3’) and a GCC box (5’-AGCCGCC-3’). We performed transactivation assays
by testing combinations of GAME9 and upstream regions (i.e. putative promoters) of core SGA
biosynthetic genes, mevalonate and cholesterol (i.e. SSR2) pathway genes as well as of other
candidates altered in both GAME9-Ox and GAME9-RNAI tomato plants. The results suggested that
GAMED9 does not activate the core SGA pathway genes in spite of finding that putative promoters
of genes including GAMEY9, GAMEI17, GAME7, GAME4, CELLULOSE SYNTHASE, E3
UBIQUITIN LIGASE and SSR2, contain a P-box in the upstream region (Supplemental Figure 3).
Nevertheless, GAMEDY significantly activated the SSR2 upstream region as well as those of two
genes possibly involved in the biosynthesis of cholesterol, namely, a 4/4-STEROL REDUCTASE
and a A(7)-STEROL-C5(6)-DESATURASE (Sonawane and Aharoni, unpublished data). Both 4(7)-
STEROL-C5(6)-DESATURASE and SSR2 genes contain a P-box in their upstream regions.

Apart from acting directly on the above pair of promoters, GAME9 might be acting

indirectly through an intermediate transcription factor that by itself directly activates the promoters
20



425
426
427
428
429
430
431
432
433
434

f-amyrin

Acetyl-CoA

I »¥ Triterpenoids HO
HMGR -
1 »
SSR2 N
L 2TS
A Phytosterols
Cycloartanol HO
| campesterol
4-145R? |
C-55D? ¥
Cholesterol

Game1 |

cames | . . - .
GAMES cameg | = == === Steroidal saponins | o

camviei2 |l

\D v Glu

Steroidal Alkaloids

uttroside B

Aglycone
1
GAME1? I
GAME17 I
GAME18

\4

Steroidal ) .
GlycoAlkaloids - = Lycoper05|des/Escule05|de‘n_s‘

~+

&
T ju=G a0
Xl.’_.u—\.S O

Figure 8. Cardenas et al. 2015 a-tomatine Xy pellich esculeoside A
Figure 8. A model of GAMEY control of the steroidal alkaloid pathways and its precursors.

GAMEDY activates the synthesis of sterols precursors and SGAs in potato and tomato. GAME9 might activate genes across the pathway by
directly binding the promoters, forming a complex with a second transcription factor or activating a downstream transcription factor.
Promoter transactivation assays showed that GAME9 might be partly regulating SGA biosynthesis by directly activating SSR2 and the
putative cholesterol gene candidates, 4714-STEROL REDUCTASE (A14-SR) and A(7)-STEROL-C5(6)-DESATURASE (C5-SD) marked in

red.
of core SGA genes (Figure 8). In a different scenario, GAMEDY requires an interacting factor and co-

binding of both regulators to the promoter region of target genes in order to permit target gene
activation. Such an interacting factor might be the MYC2 protein, a jasmonate signaling component
shown to take part in activating the tobacco nicotine and Catharanthus TIA biosynthetic pathways
together with the NIC2 locus protein ERF189 and the ORCA3 protein, respectively. In the current
model of transcriptional regulation of tobacco nicotine biosynthesis, when the bioactive jasmonate
is perceived (i.e. JA-Ile) an active MYC2 is liberated (Shoji and Hashimoto, 2011). The NIC2 locus
ERF proteins recognize the GCC-box and activate structural genes in cooperation with NtMYC2
that recognizes the G-box element. NtMYC2 also induces, directly or indirectly, the NIC2 locus
ERF genes (e.g. ERFI189). In Catharanthus, MYC2 and ORCA3 factors likely act in a
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transcriptional cascade to regulate TIA biosynthetic genes and no evidence is available suggesting
direct interaction of both proteins on the promoters of biosynthesis genes in a cooperative manner
(Zhang et al., 2011).

The major potato SGAs are considered anti-nutritional factors for humans and their levels in
tubers of commercial potato varieties is limited by law (Eich, 2008; Roddick, 1996). One approach
to select low alkaloid potato lines is the identification of associated QTLs and carrying out marker-
assisted selection. GAMED is likely the gene underlying the major QTL on chromosome 1, reported
by Serensen et al. (2008) to explain 75% of the variance in SGA content among tubers. Hence, the
identification of GAMEDY in this study provides a platform for the generation of Solanaceae crops
with modified levels of SGAs. Furthermore, GAMEDY provides a starting point for the elucidation of
signaling and transcriptional regulatory networks that mediate constitutive and induced SGA

biosynthesis in the Solanaceae.
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METHODS

Plant material and generation of transgenic plants

Tomato plants (Solanum lycopersicum) cv. MicroTom and potato (Solanum tuberosum) cv. Desiree
were grown in a climate-controlled greenhouse at 24°C during the day and 18°C during night, with
natural light. The GAME9-RNAIi construct was created by introducing a GAMEY fragment to
pENTR/D-TOPO (Invitrogen) (by Notl and 4scl) and further transfer of the resulting plasmid to the
pK7GWIWG2 (II) binary vector (Karimi et al., 2002) using Gateway LR Clonase II enzyme mix
(Invitrogen). The GAME9-Ox constructs were generated by introducing the corresponding tomato
and potato GAMEY coding sequences into pDONR221 using the Gateway BP Clonase II enzyme
mix (Invitrogen) and then transferred to the pJCV52 binary vector using Gateway LR Clonase 11
enzyme mix. Constructs were transformed into tomato and potato as described previously (Itkin et

al., 2011, 2013). Primers used in this work are listed in Supplemental Table 8.

Co-expression analyses

Co-expression analyses were done as previously described by Itkin et al. (2013). Briefly, the tomato
GAME9 (Solyc01g090340) and its potato ortholog (Sotub01g029510) were used as 'baits' in co-
expression analyses, resulting in lists of co-expressed genes (r-value > 0.8) for each bait, separately
and shared homologs between the two species. The analyses were performed using tomato RNA-
Seq transcriptome data from different tissues and organs (flesh, peel, seeds, roots, leaves, buds and
flowers) and developmental stages (20 experiments in total; Itkin et al., 2011) and potato RNA-Seq
transcriptome data from different tissues and organs (40 experiments in total; Xu et al., 2011). The

co-expression network was visualized with the Cytoscape program (Shannon et al., 2003).

In situ RNA hybridization
In situ hybridization was performed as described previously (Pekker et al., 2005). Tomato shoot
meristems were collected 13 days after germination. GAMEY transcripts were detected with a full-

length cDNA DIG (digoxigenin)-labeled GAMEY antisense probe.

Phylogenetic analysis
Literature search was performed to identify functionally characterized proteins belonging to the
ERF family of transcription factors. Amino acid sequences were aligned using ClustalW2 (Larkin et
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al., 2007). A phylogenetic tree was built using the neighbor-joining method (Saitou and Nei, 1987)
implemented in MEGAG6 (Tamura et al., 2013). The analysis involved 50 amino acid sequences and
evolutionary distances are in units of number of amino acid substitutions per site. All positions
containing gaps and missing data were eliminated. Accession numbers for sequence data used in

this tree can be found in Supplemental Table 7.

Preparation of plant extracts and metabolite analysis

Profiling of phytosterols in potato tissues was carried out as described previously (Itkin et al.,
2011). Briefly, after extraction and saponification, compounds were derivatized with MSTFA and
analyzed with GC-MS. Preparation of extracts for SAs analysis was performed as in Itkin et al.
(2011) with the following modifications: potato and tomato extracts were diluted 80 and 50-fold,
respectevaly, before injection. Compounds were analyzed in MRM positive mode using a UPLC-
TQ-MS (Waters), equipped with Acquity BEH C18 column and Triple Quadrupole MS detector.
Mobile phases A and B, column temperature and flow rate were set as described in Mintz-Oron et
al. (2008). For potato samples, a-solanine and a-chaconine were isocratically eluted at 20% B for
10.5 min., the column washed with 100%B for 3.5 min. and re-equilibrated at 20%B for 1 min.. The
following MS parameters were applied: capillary voltage 2.7 kV, cone — 61 V, collision — 65 eV.
Relative quantification was done using the TargetLynx program (Waters), using the sum of two
MRM transitions for a-solanine (868.5>398.4, 868.5>706.5) and a-chaconine (852.5>398.4,
852.5>706.5). For tomato samples, the following linear gradient was applied for a-tomatine
analysis: 15% to 30% B over 5 min, 30% to 50% B over 10.5 min, 50% to 100% B over 0.5 min,
held at 100% B for a further 1.5 min, then returned to the initial conditions (15% B) in 0.2 min and
conditioning at 15% B for 1.3 min. MS parameters: capillary — 2.72 kV, cone — 60 V, collision
energy — 40eV. MRM transitions were set as 1034.5>416.3 and 1034.5>578.3. The first transition

trace was used for a-tomatine quantification.

Quantitative Real-Time PCR

RNA isolation was performed by the Trizol method (Sigma-Aldrich). DNase I (Sigma-Aldrich)-
treated RNA was reverse transcribed using a high-capacity cDNA reverse transcription kit (Applied
Biosystems). Gene-specific oligonucleotides were designed with Primer Express 2 software

(Applied Biosystems). The 7IP41 gene (Expoésito-Rodriguez et al., 2008) was used as an
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endogenous control for tomato samples and the NAC gene (Ginzberg et al., 2012) was used for

potato. Oligonucleotides used are listed in Supplemental Table 8.

RNA-Seq library preparation and sequencing

RNA-Seq libraries were prepared as described by Zhong et al. (2011) with minor modifications.
Briefly, 5 pg of total RNA was used for poly(A) RNA capture using Dynabeads Oligo (dT),s
(Invitrogen), fragmented at 94°C for 5 minutes and eluted. The first-strand cDNA was synthesized
using reverse transcriptase SuperScript III (Invitrogen) with random primers and dNTP, whereas the
second-strand cDNA was generated using DNA polymerase | (Enzymatics) using dUTP. After end-
repair (Enzymatics), dA-tailing with Klenow 3°-5’ (Enzymatics) and adapter ligation (Quick T4
DNA Ligase, NEB), the dUTP-containing second-strand was digested by uracil DNA glycosylase
(Enzymatics). The resulting first-strand adaptor-ligated cDNA was used for PCR enrichment
(NEBNext High-Fidelity PCR Master Mix, NEB) for 14 cycles. Indexed libraries were pooled and

sequenced.

Transient expression assays

Transient expression assays in Nicotiana tabacum protoplasts were performed as described
previously (De Sutter et al., 2005; Vanden Bossche et al., 2013). Briefly, protoplasts prepared from
tobacco Bright Yellow-2 (BY-2) cells were transfected with three different plasmids. The first
plasmid (reporter plasmid) contained the firefly luciferase (fLUC) gene under control of the
investigated promoter; the second plasmid (effector plasmid) contained the ERF transcription factor
GAMEDO driven by the cauliflower mosaic virus 35S promoter (pCaMV35S) and the third plasmid
(normalizer plasmid) contained the renilla luciferase (rLUC) under pCaMV35S control. After
transfection and overnight incubation, the protoplasts were lyzed and both fLUC and rLUC
activities were measured with the Dual-Luciferase® Reporter Assay System (Promega). The fLUC
activity is a measure of the activity of the investigated promoter, whereas the rLUC activity reflects
the transfection efficiency. For normalization, the fLUC value of each independent transfection was
divided by the corresponding rLUC value. For screening and confirmation experiments, 4 and 8
transfections were performed for each promoter-GAME9 combination, respectively, and the
obtained normalized fLUC values were averaged and compared relative to the values obtained from

transfections with an effector plasmid containing the GUS gene.
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Table 1. Details of shared homologs in transcriptome data of GAME9-RNAi and GAME9-Ox

tomato lines.

Solyc ID Annotation

Solyc01g090340 Ethylene responsive transcription factor (GAMED9)
Solyc07g043490* UDP-galactosyltransferase (GAME1)"
Solyc07g043480" UDP-glucosyltransferase (GAME17)*
Solyc07g043420" 2-oxoglutarate-dependent dioxygenase (GAME11)"
Solyc07g043460" CYP72A (GAMEG6)"

Solyc07g043500" UDP-glucosyltransferase (GAME18)°
Solyc02g069490 Sterol side chain reductase 2 (SSR2)"
Solyc02g086180 A(7)-sterol-C5(6)-desaturase (C-5 SD)*
Solyc06g005750 Methylsterol monooxygenase 2-2-like (SMO1)°
Solyc01g073640 3-B hydroxysteroid dehydrogenase (OXR)*
Solyc10g008410 E3 ubiquitin-protein ligase RMA1H]1-like (UBL)"
Solyc07g043390* Cellulose synthase”

Solyc09g018660 Unknown protein

Solyc03g051690 Alcohol dehydrogenase (fragment)
Solyc10g074660 Unknown protein

Solyc12g032960 Photosystem I P700 chlorophyll a apoprotein
Solyc09g074480 Unknown protein

Solyc09g009070 Repressor of silencing 1

Solyc01g017320 Photosystem I P700 chlorophyll a apoprotein Al
Solyc06g009950 Photosystem I P700 chlorophyll a apoprotein A2
Solyc03g078030 Unknown protein

Solyc02g036320 Photosystem I P700 chlorophyll a apoprotein
Solyc05g007830 Expansin 2

Solyc04g007480 Unknown Protein

Solyc06g074590 Ycf2

Solyc01g007390 Unknown protein

Solyc12g056290 Unknown protein

*Genes localized in cluster in chromosome 7 associated to SGA biosynthesis.
®Genes co-expressed with GAMEY in potato and tomato.
‘Genes co-expressed with GAME?Y in tomato.
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Supplemental Figure 1. Schematic map of altered SGA-related genes in tomato GAME9-RNAI and GAME9-Ox transcriptome.
Among a set of 27 common genes in the GAME9-RNAI and GAME9-Ox tomato lines, we found a significant representation of SGA
biosynthetic genes (GAME'’s) located in chromosome 7 (GAME’s- 1, 6, 11, 17 and 18) and a CELLULOSE SYNTHASE. Altered genes in

the region (spanning ~318 kbp) are highlighted in red.

Supplemental Figure 1. Cardenas et al. 2015
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Supplemental Figure 2. Cardenas et al. 2015

Supplemental Figure 2. Validation of transactivation assays of putative downstream gene promoters by the GAMES transcription factor.

Validation experiment (n=8) was performed, confirming the transactivation of the C5-SD and 414-SR promoters. Values in the y-axis are
normalized fold-changes relative to protoplasts cotransfected with the reporter constructs and a pCaMV35S:GUS (GUS) control plasmid.
For the normalization procedure, see Materials and Methods. Details for each promoter are provided in Supplemental Table 6. Student’s t-

test was used to assess whether the transgenic lines significantly differ from wild-type plants: ***P value < 0.001.
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TCATGACGTATGACACGTCCCTTGAATCATAATTCCTCAAAATGATGCATCCTCTTTAATATCTTATACTTCCTCAATTCACATAAAACTTGTCACAAC
CATATCTCATAATAAATGCAAATGACATGTTCACACAATAAATTTGAAGATAATCATTTTTATAATAATGCACAATTTACACATTACAATTGTGATAG
AACATCAATGATGAATCAACAAACTTTTCAAATCATTCTCTACATATCACACACCAATAATCAATTACATTGTCTTTTATTAAACTTATTCAATATGGA
CAACTCAGCACATTACCAAGTCTCATTACTCCTCAACACATACCACAAGAAAATAAACAATTCTATACACTTACCGAGGGTTGAGAAATTCACTTGCC
TTAAACAATCTAATAATTAATTTGAGACTTGAACCTTCCTCTTTCGTTGGGCTTCCAAATTAATGCAATCTATTCGCATAAATAATCACAATGAGATTT
CTAAACTAACAACATCCATAATACTACATGTATATCCTAGACCTAAAACCTCACCAAATTCTATAAAGTTTCTAATCTTGATGCCAATTAATACGTCAA
TTCGCATAAATTTTAAATTTTAAGCTTAGAGTTGAGTCTCAACTTTCTCCAAATATAATATAATTAGTGATATTCATATAATATAATACATCTAATATTT
AATTAGATATCTCAATATATTAAACTTAATTAACATGTGATAACATATAAAAAAAAACATCAAAACCCCATGTGAAGTCTGGCGCTAATCTACCACCA
AAACAAATATGCATAATTTTCTTGCCCTAATTGAAATAATATGACATCATTCCTTAAAAAAATTGACAATCACCATGCTATGATTGCAAACCAATGTG
ATCTTGTGAACAATAAAATTAATATATAATTTTTAGCGGTAATAAATAAATATATTAATAAAAAATGTTAAAATCTTTATCGGTATTAATTAAATGTC
ATTAGATCCAATATATTTAAAGCCTTTAGGTCATATAAAATGAGTATTAAATGCCATTAAAAATGAAAATTTAACAATAATTTCTAATTAATTACCGC
TAAAAATTCACACAAAAATAAACAATTGAATAGCCCATTGCTCGAATACGGTGCTTTACTCCAAGTCACACTTAACTCCATTTAATTTGATTCACTTAT
ACCTATGGGTCAAAGTGATAGAGGATATTAAAAACCAACTGAAATAATTATTAAAAAAATACTCATCAACTAAATATTTTTAGTCAAACTTGAATAA
TTTAAATTTTTAAATCAACTTTATTGACTAATCAAAATGACTCGGGACAACTATCGAAAGAAATAAAAATATTTATTTTTGAATTTTTTTGAAAATGGC
CTTTCGAGTCGTTATATTTAGACCAATAACAAAAAAAAATCACAAAAAGCAATAAACATAACATTTGATTGTTTCTTTTATTTTTTTAATTAATAATAT
TTGCATAAATTATGTGCAAAATTTTATATTATTTTACAGAAGGATATAATATGGTATGAAAAATGGGTTTTATAAGTAAATATGCTTAAAAGCTAAAA
TAACAAAATTAATAGTGTGATTGACTAAATTTTTTTAGAAAAATATTATAGAAAATTACTTTTTATCAAAATATTTTTGTATATTAACAATTTTTGTTGA
CTAATTTTTTTTTTTGATTAATATTAGAGTTCTATTAGTGCTTGATCAAGATTTCAAAATTAATTTTGTTGTTCCAATGATAAAATGTGATTGATATTTT
AAACTATTTAAATAGTTTTTTTTGAATCTGATACTACTAATATTAAATTTAAAGCCAACAACCCCGCAAAATAAATCTTCACGTGACCAATGCATCAA
GTGGAATTTATTAAAATTAAATACGACAAGATATGTAGAAAATTATTGTTACAAAAATTAGAAAGAAACAAAGTCCATCTTTGAATTCTCTCACATA
AAATATTGGGACCCAACGTTAGAAACATTATTGTTATGGCAAAAGAAAAAATCGGTTATCATCGACGTATCTGATCCAGTAGATAAGATTATTTCTC
TCGTTAATCGTAGGTTTTGAATTTGATTTTTTAGTATTAAAAAAAATTTTTGGTAAGAAATGTCTTTCCCTATCCTTCTAATGGAATCCTATGTAGCGC
GAATTCGAAATAGTCTAATTTCAATTTAATTATTAAACACAAAATGAAAATAAAAACAAAAATCCTCATTTTACTAATAATCATAATAATGATGTAGA
AATTATTAGCTAATCCCAAAATATTAATCATAAATAAAATTTAACTAATAATCAAAATAAATATTATATATAAACCAACAATCAAAACAAAAACTCAT
AGTATAAGACAGTACAACAAGTGTAAAGGTTGTGTAAAAGCTTTTAGGTTTCTAGTCAAATAACTATGATTTTTCTTCAAAAATATCTTAAAGAATT
ATATATATAATCAATATATGATTTTTCATTTTTITTITGGTTTATTATTATTTTAGTTTTTCCCTTTCTTTTAATTTTTTCCATACCTTTTGTCCGTAATCATG
GACCATATCATTATTTGTTAACTGAAATGACAAAAATAAACCAAAATTTAACAGCTAACATAAATAAGTTTTTCTCAAAATTCAACAACACATTTAAA
CC'I'I“I'I'CA'I'I'TAAAAAAAAACAATTI‘C'I'I‘I’AATAA‘I‘I'I‘TACAAAATCGAAAATATAT‘I'I'AG‘I'I'TATCAATAATGAAACC'I‘I“I'I’AACGAAAGT-
-AAATTATA'I'I'CACGTGA‘I‘I’GTA'I'I"I‘I“I'I"I‘I"I'I’TAA'I'I’GCACTTCTA'I'I'AAGGAATAAAA‘I‘I’ATAAAGAT'I'I'AACTATC'I'I'TGAAAGTAAAAAGG'I'I'
AGTATTGTCTTTTCACATATTTGGTCTCATCATTATTGTTGCCATATTTTTTTAGATAAATAAATGTAGCCATTTACTACCTCCAATCAAATTCACAAAT
CCATCCAAATTATTCAAAGAAAAAAAAATAGAGAGAGAGAACA

cDNA

-GATTTCTACAATTTAGCCTTGTTCTTCATAGCTTTAATACTTGGAATTTTCACATTTTATG CCATATTAATGAGAATAAATGGTTGGTATTATGCA
ATCAAATTTTGTTCAAACAAATATAACATCCCAAATGGTTATATGGGTTTGCCATATTTTGGTAACACACTTTCTTACTTCAAAGCTTCAATGTGTGGT
GATCCAAAATCATTCATTGATTTCTTTGCTACTAGGTTTGGAGAAGGAGGAATGTATAGGGCATACATATTTGGGAAGCCAACAATTATGGTGACA
AAGCCAGAAATAATTAGAAAAGTTTTGATGGATGAAGAGTATCTTGAAAGAGGTTTGCCTAATTATATGAAAAAATTAATTGGATTAACAACTTCG
ATAGAAGAAGACAAATATTTTCGTAGATTAACAGCACCAGTAAAAAGTCATGGATTATTATCTGATTATTTCGATTATATCGATAAAACTGTGAGTT
CTACATTAGAGAAATACGCTACTACGGAAGAACCTGTTGAGTTTCTTCATAAAATGCACAAGCTTACGTTTGAGGTGTTTATGAGACTTTTAATTGG
TGATGAAGTTAATCAAGAATTATTTGATGAAATGTTTGAGGAGATTACTGCTGTAATTAGTGGTGTTCACAATTTGCCAATTAATCTCCCAGGATTT
GCTTATCATAAGGGACTCAAGGCTCGAAAAGTACTAGGAGAGGTATTTAAAAAATTAATTGATGAAAGAAGAGAAGCCATGAAGGATGGAAAATC
AATGCCAAAGGCAAACATAATTGATATGTTGTTATCAAACAACAATCAAGATTATGAAGCAAACATGTTGAGTGACAAGAAGATCATTGAAATCCT
AGTTTTGTTTTCATTTGCTGGTTTTGAACCTGTTGCTCTTATGTCTGTCAAGGCAATTTTCCACTTACAAAAACATCCACATTTCTTGGAAAAAGCCAA
AGAGGAACAAGAGGAAATAGTAAAGAGAAGAGCATCTTCAAATGCTGGACTTAGTTTTGATGAAATTAGACAAATGACATTTGTTAGTAAGATAA
TTAATGAAACGTTACGTATAGCTACTGATCAGTCGGTATTCCTTAGAGACACAAGTACTACTTTTAACATAAATGGGTACACCATACCCAAAGGGTG
GAAGTTTTTTGCAGTTGTATGGAATATTCATATGAATCCTGATGTTTATGTTCAACCTAAGGAATTTAATCCTTCGAGATGGGATGATATTGAAACTA
AGCCAGGCATTTTTCTACCTTTTTCAATGGGCCCCAAATCATGCCCAGGATCCAATTTGGCCAAGCTTCAAATTTCAGTAATTCTTCATTATTATCTTC
TTC?CT-ACAGGGTI'GAGCAAATTAATCCAGAGGCTAGATG'I_I'ATCCTCCTGAAAATTGTCTI'GTGAAATTCAAGAAGCTATCGATCTCTAGTAATGG
TAA
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GGTAG'ITAGAAGTGTCCAGTGGGTCAAAGTCCCACATI'AGTTGGAGAATGAACTGG_TATATGAACTI'GAGTAATC‘ITCATCTCATGA
ACTAGCTTTTTCGGTTGAGTCAGACTCCAATATTATACTGGGGTCTTGGATTGAGTCTGACGGCCAAACATCTCTATTATCAAGAAGAACAAACAAT
GATTGTGATTACTGAAGCTGATTTAATTGAGGATGATGATATAAGCTAAACATAATCCAAATTAAACGCGTTCTTAGTTATACATATGCTTGCAGGG
AAAAAGTCTTTTATTTGGTTGTGTCCAAAACCACAAGTACTAATCATGGATCCGGAGCTTATAAAGGAAGTATTCTCGAAAAATTATTTTTATCAAAA
GCCTCATGGAAATCCATTTGCAGCGTTATTGGTACAAGGACTAGCAGCCTATGAGGAAGACAAATGGGCCAAACATAGAAAAATTATCAATCCCGC
TTTCCATCTAGAGAAGCTAAAGGTTTGTCAGACGTTTCTTCGTTTTTCCTCCTTTAACGTATGACTATTTCTAGTAAATTCATCATTTGTCAAGACTCTT
CTACAGTTCTATGTAAGTTCATAGGCTTGGACGGGGCATTTAGTCTATGTAAGTTGATAATGTCTTAGATATATTACCGTAAAATGAATCTTTTTTAT
ATTAAAGAGATTTGTAATATTGCTGAACGTGTTTCACCTTAATTGTTGTTTGAACGCTCTTTCTTTTTATTAAACTAGATGGTGATGGTATCACTATA
TCTGTATTCCTAATTCTGTTTCAAGTGTTGTGTCATCGTTATATGTTCCCTTACATCATTTTCTCGAACAGCATATGCTTCCAGCTTTTCACTTGAGTTG
TAGTGAGATGTTGAGTAAATGGGAAGACGCTGTTGAAGGCTCTTGTGAGATAGATGTATGGCCTCACCTTCAGCAATTAACTTGTGATGTGATCTC
TCGTACAGCTTTTGGTAGTAGTTACGAAGAAGGTAGAAAGATTTTTGAACTTCAAAGGGAACAAGCTCAGCATTTTATCGACACTGTACGCTCAGTT
AATATCCCAAGATGGAGGTAAATTAATTTGCCTGAGAATCGAAAAATTGTAGCCAAAGCTATGTTGTTCGGACTCTTAAAAATGATGATGGTTGCAT
GTTGGATCTTCCAAATATTAGTGCATTTCTATAGAATCCGACATGGTTGCAGGAACTATTTTGGAGAGTCCGAACAACATAGAACCAAAGTTCATCA
GGAGATGCACATAGCTTTTACTTCATCTAATGCATTTTGGTTTTCTGTCTTATAATATAATTTCAAAGATTTTTGCCAACAAAGAGGAACAGAAGAAT
GAAGGAAATAAAAAACGAGGTTCGGACCTCAATGAAAGGTATTATCGATAAAAGAATGAAGGCAATGAAAGCAGGTCATGATGCCGATAATGAG
GATCTGTTAGGCGTATTGCTTGAATCAAATTTCAAAGAAATTGAACAGCACGGAAACAAGGATTTTGGAATGAGCATCGAAGAAGTCATCGAAGA
ATGCAAGTTATTCTATTTTGCTGGCCAAGAAACTATAGCAGTCTTACTCGTGTGGACTCTGGTGTTGTTAAGTAGGTATCAAGATTGGCAGACACAG
GCCAGAGAAGAAGTCTTGCAAGTGTTTGGGAGTCGGAAACCAGATTTTGATGGATTAAATCATCTAAAAGTTGTGAGTATTCTGTTTTTTTTAATTC
TTGGTTTAGTTCATGTGCCATGAGTTCCTTCTCTCATTGTTATTGCTATTGCTTGAGAGCTTTGTGATACTAATGTTTCATTGTCCACGCACCAGATTC
TAAGCACTGGGCGTGAGGTGGGGTGTTAAAAGATGGAGCAGATTCCTTATAAAGCTTGGTCAATCCTCCTCTCTTTGAGCTAGCTTTTGCGGTGTG
AGTTAGACCTAAGACCTAATTTCACAATTACAACTTGTAACTTACAAGCTAACGATGATCTTGTACGAGTCATTAGATATAACTGAAGAAGAAGCCT
TTTTTTTGCAGGTAACGATGATCTTGTACGAGTCACTAAGGCTATATTCCCCATTATTTACACATAACAGACAGGCAAGTGAAGACACAGTATTAGT
AGAATTGTGTCTACCAGCTGATGTGCTAGTTTCATTGCCCACGATCATATTGCATCATGACAAAGATATATGGGGTGAAGACGCAAACAAGTTCAAT
CCAGAGAGATTTAGAGAAGGAATATCAAGTGCAACAATGGGTAAAGTTACATATTTTCCATTTTCATGGGGTCCAAGAATATGCATTGGACAAAAT
TTTGCAATGTTAGAGGCAAAGATGACTCTCTGTATGATCCTACAAAGCTTCTCTTTTGAATTGTCTCCATCCTACACACATGCGCCTCAACCCCTACTT
ACCATTCATCCTCAGTATGGTGCTCCTCTTATTTTCCACAAACTATAATTTCATATTACGTGAGGTATCTTTCACTTGTACGACTATACTGGATATGTTA
TTGTTCAGACAAACTCAATAACTCTTGTTTAAACCTTTTATCTGTACCAGAGAATAAATAACATGTTGCAAATTATATACAAATCATCTCAAGAACCA
ATGAGAAGCTTATTGTTATGACAAATTTAGATATATTCTACAAACACATTAAGCTAAAGAATTTGTGGAAAAAATAACTGTTTTTTTTTTTGGTCACA
ATAAAAACATGTGACATGCTAGTAAGCAGTAAGCACAGCCGGCCTTTTTGGCAATGAAACCACTACATACACTTGTACACTAATTCTTTTTTCAT
TTTTTAAACTAAAATTATGAATGTCAGAATACGAAATAACAAGTAAAAACAAACGAAAATGATTAAAAATATAAGAGAAAATCAGAGCCACTCATT
GGTGTCTTTGCTCATCATTGTTGACGACGTCGTTTGTTAGTTCCCAGAGACATAGTATATATAAATTAATACTCCTCGTTTTTT

cDNA

ACACACAAATTCAACTCAAACAAA-GACGAAATTCAAATATTAGTAAGAGTGTGTTGTTCTGCCATAG CAATTGCTCTGTTTGTGTGTCTGTGGA
AAGTACTAAATTGGGTTTGGCTCAATCCGAAGAAGTTGGAGAATTTGTTGAGGAAACAAGGGCTAAATGGGAACTCTTACAAAATATTGTATGGG
GATTTGAATGATTTTATTGGAATGATTAGGGAAGCTAGTTCAAAACCTATGAATTTGTCTGATGATATAGCTCCAAGATTGGTGCCTTTCTTTCTTGA
GACCACCAAGAAATATGGGAAAAAATGTTTTATATGGTTGGGTCCAAAACCACAAGTAATAATCATGGACCCTGAGCTTATTAAGGAAGTACTCTC
GAAAACCTATTTGTATCAAAAGCCCGGTGGAAATCCATTTGCAGCATTATTGGTACAAGGACTAGCAACCTATGAAGAAGATAAATGGGCCAAACA
TAGAAAAATTATCAATCCCGCTTTCCATCTAGAGAAGCTTAAGCATATGCTCCCAGCTTTTCACTTGAGCTGTACTGAAATGCTGAGCAAATGGGAA
GATGCTGTTCCACTTGGCAGCTCTCGTGAGATAGATGTATGGCCTCACCTTCAGCAATTAACTTGTGATGTAATCTCTCGGACAGCTTTTGGAAGTA
GTTATGAAGAAGGTAGAAAGATTTTTGAACTTCAAACGGAACAAGCTCAGAATTTTATCGACGCTGTACGTGAAGTTTATATCCCAGGGCGGAGAT
TTTTGCCAACAAAGAGGAACAGAAGAATGAAGGAAATAAAAAACGAAGTTCGGACCTCAGTTAAAGGTATTATCGATAAAAGAATGAAGGCAATG
AAAGCAGGGAATGCCGATAATAATGAGGATCTGTTAGGCATATTGCTTGAATCAAATTTCAAAGAAATTGAACAGCACGGTAACAAGGATTTTGG
AATGAGCATCGAAGAAGTCATCGAAGAATGCAAGTTATTCTATTTTGCTGGCCAAGAAACTACATCAGTCTTACTCGTGTGGACTCTGGTGTTGTTG
AGTCGGTATCAAGATTGGCAGACACAGGCCAGAGAAGAAGTCTTGCAAGTGTTTGAGAGTCGGAAACCAGATTTTGATGGATTAAATCATCTAAA
AGTTGTAACAATGATCTTGTACGAGTCATTACGGCTATATCCCCCATTGATAACACTTAATCGACAGGTTAACGAAGACATAGTATTAGGAGAATTG
TGTCTACCAGCTGGTGTACTAGTCTCATTGCCAATGATCTTATTGCATCATGATAAAGATATATGGGGTGAAGATGCAAACGAGTTCAATCCAGAGA
GATTTAGAGAAGGAATATCAAGTGCAACAAAAGGTAAAGTTACATATTTTCCATTTTCATGGGGTCCAAGAATATGCATTGGACAAAATTTTGCCAT
GTTAGAAGCAAAGATGGCTTTGTGTATGATCCTACAAAGCTTCTCTTTTGAATTGTCTCCATCTTACACACATGCTCCTAAATCCTTAGTAACCATGC
AGCCTCAGTATGGTGCTCCACTTATTTTG CACAAACTT-TTTTGTAATGTAATGTAACAAGAATTAATATAAAGACTCAAATAAGGGGTGGAGTT
TGCAATATTAAACAAAGGGAC
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TTTTCATTGATTTAAAAAGGTACGAGCATACTAAAGTTCAACTCAATTCTTTAAATGGTCACATATATCATAAAATTGACCACTAAAATTATTTCTATT
TCTTTTCTTCCATTTTTCATTTATAATACTTTAAAAATTTTCACCTTTGTATTTCGTATCGTTTTAATTTTTACTTTAAAATTTATCTAAAAATCATTTTTAC
TTTATTTAAAAATTAATGTTTGATCATGAAAATTTAAAATACTACTTTTCAACTTGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTTACTATATATATATATATA
TATATATATATATATATATATATTGTTTTAGAGATTCATTTTACTAAATTAATCTTATTAATTACATTATTAAAAATTATGGTAATTATTAATATCTTAA
GTAGTTTTGATAAGAATATTATGTTTTAATTTTTTTTGTTAAAACAAACAATACAGAGTAACTGAATACTTTTATATTAAAATAATCTATTTTTTTAACA
AAAAATACATTTAAAATATTTTTTTTATCATAACTACATAAGATACTAATAATTAACATTATTTTCTTAAATGTTATAAATAAAACTAATTTAGTAAGAT
GGATCTGTAATATAATACAATTTAAAATAAATTTAAAGGGAAAAAAACAAAAAATAGAAAAAAAAACTGGAAAGAGAAATAAGAGGCAAGGAAT
ATAAATAAGTGTAGGCCTACGAATTCAAATTTAATAATGATAAAGTACTCCCTCATATAGCTACGGTCAGTTGTGTTTCATCCACAATAAAATGTTTC
AAAGTATTCTCTCCATCTCAATTTATGTGACACTTTTTAAATTTTGAGGCTCAAACAAATATTTTTTATCGTAAGTATTTATTATCTTTTAAATATTTTG
AAATGTCAACTGTTATGACTTACGTACTTTTTAGATAAAGGACGTAAAGTCACTACTATAGTTATCCTAAATTTTTAAAAACACATCTAAATTTTGCAA
TCGTTTTATTACTCACTAAACAATATTTAAGTGATATCATTATATCATTTTTCAATCAACCCAAATTTAAAGAAATAAATATATTCATATACCATCATTA
CATGAGACGTGCTAATTTCATTAAAAATATAATTTTCTTTCTCTCTCTATGACTTATTTTTATTTTGATTTTGATTTCAATTTCAATTTCACTTCATCCCCT
CCAACCCCCCTAAAAAAAACTTTTAAGTTGATCCATCCCTCCATTTTTTGCAAACCCTTCACCTCACGCCGACCCACCATGTCAAGTTGATCCACCTCC
CATTTTTTATTTTTTTTCTTCTTCATCTCCAATCAAATACTTTATTTTAATTTTTCTAAATAAAAAATCGTATAATCTTCTAGACTTTATTGAATTATTGAT
GACAAAACTAATTATTTTTCTAAAAAAATTTAAAATTTTGAAATTACTCTTTCTAATATAACTTCAAAAATAGAAATGATAATATTAAAATAATTGGTG
AATTCCCCAAAAATTGAAAGAACTTGATTGAAGTCGGATAAAAAAACTATATAATACCTCCTAATCATCTTGAAATCTAATAGGTTTATATGTAAGA
AAATATTTAGATAAAATTTTAAAATCAAAGAGAATAAAAGTAATAGTAGAAAAAAAAAGATGAAGTTGTGGTAAAAATCGTGAAATTAAGAGTGA
GAAGTTTAAATGGAGATGACAATAATTTTTTTTAAGGAGAAAGAAGAAAGAGAAAAAATAACGAGGAAAAAAGTTAAAATCGTAAGAAAATAAAT
TACTAGTAAAAATAAAATTATATTGTCTATCAAGTGGACAAAAAAATATGTAAAAATATTTGTTCATGATTGTTTTATGGAGGTAATAGGATGCC
CACATAGTCAAGGTAAATTTTATCATGGTAGAGACCCAATAATGTGTGAGTCTCCATTTATTTTTTTGACACATGGACAAGTGGGCCATTTATGTATT
TTTCTAAATACATAAATAGTAAAGAACTTGATTGAAATCGAATTTTTAAAAAACTATATAATATCTCCTAATCATCTTGAAATCTAATGGTTATTAAAT
TGTTCGGATCGTAAGAAAATATTTAGATAATGTTTTAAAATTAAAGAGAGTAAAAGTAATAATCCCTCCGTTTCGAAAAGGATGACCTAGTTTGACT
TGAAACGGAGTTTTAGAAAAAAAGAAATTTTTTTAATCTTGTGGTTCTAAATTAAAGTTCTGTCAAATGTACCAAAATACCCTTTAATCATGTGGCCT
TA_TGTG GAAAAATTAAAGTTAAAGTGTTGCTAAAAAAGAAAAAGCAGACATTCTTATTAAAAAGGAAATACAGTCATTCTTTTTTAAA
CGGAGGGAGTAATATAAGGAAAAGGAAGGTGAGAAGTTTCAAAGAAGATGACAATAAATTTTTGAACAAGAAAGTGAAAAAATAAAAGAAAAAA
GGTGAAAAATAATAAGAAAATATCTTTTATAATAAAATACTTTAAAAAAATAAAATTATATTAGTTATTTTAGGTTTGTCCACTCTTATGTCAAGTGG
ACAATAAATAATAGAATTATAATAATATCAGTTCAAGATTGTTCAGTGAGATAATAAAATTAACGTGTATTTTTGAAAATTTAAAACAATTTCACGTG
TCAGTTTATACATTTTTTTCCTCTATTTTTTAAAGTAGTATATAAAAAAGATTCCATGTAAAAAAATTTTTTGATTAGTCTTAAATTATTTGATTATGGG
AAAAGAAAAAACGAAAAGTGTCGTATAGACGGGGTGAGATGGAAGTAGTAGTATATATAAGTAGCACTAGAGTTCCACTAC

cDNA

TAATATTACATTACATTCATCACATATTATTCATCCAAAACAAGA-AGTATTGTAATTGATGATGATGAAATCTTCTCTTTACCT AGCCTTGATGAA
CTTGAATCCATCACACATCTTCTTTATGACGACGATTCCGATTTTTTCGAAACTCTTTCCCCAATGAGTTTAGATGTTACAACATTATTGCCTAATATTC
CTACCTCCAATTCAATTGAATCCCCCGTAACACCGGAGGAAACAAAAGAACCATCTGTGGCGTGTGAGGACGCGCCACAAGATTGGAGGCGGTTC
ATAGGGGTGAGGCGGAGGCAGTGGGGCACGTTTTCAGCCGAAATAAGAGATCCAAATAGGAGAGGAGCGAGGCTGTGGCTCGGAACTTATGAG
TCCCCGAGGGATGCAGCATTAGCTTATGACCAAGCCGCTTACAAGATTCGGGGAACCAAAGTTCGGCTTAATTTTCCTGACCTGATTGGCTCGGAC
GTACCTATGCCACCTAGAGTAACGGCTAGGCGTCGTACACGCTCACGCTCACGCTCACCCGAGCCATTAACAACTTCGTCCTCGTCATCCTCATCATC
CTCGTCCTCGTCCTCGTCCTCGTCGGAAAATGGAACGAAGAAAAGGAAAATAGATTTGATAAACTCAATAGCAAAATCCAAATTACTTTGTGGGAT
GGATTTACAAATGTTAATACAAATG-GAAAAGAG CAAAGGTTTATTTTTCTTCGTTTGACAATTAAGTACTACGTCGTATAATTAATAGACTCATC
AAGGTCATTGTGTAAATGCACTTCTTTCACGACCTTCTCCTTTATGAGATTGTTATGAATTTTACATTATTTCCTTTATCAACTATATATTTATCGTTTTC
ATACGCGGTGGAGTTCATCTGAATTTCTCTTTCTAAGGTTATATATAGAGAAGGATGTTGAATTTTTCGTCTTCTTTTTTTTATTAAATAAAAAATCTA
TCTTCTACATCAG
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AATTAGCAACTCGGTAGCCTTGGAAAGATAATTAAAAAACCTTTCATTTGACATCTTGTAGCCCACCTAACTGTCCAAGTAATAAAAGTTATGATCAT
TTGTTGACCCAAAATTCATACTTATTATTTTCAAAAATGGTTCTTTCTTATTCTAACTCTTTCAAATAGCCGGGTATTACAAATATATCAAAGAGAAAT
ACTCTATAAGTCATGTTAGATATTACTTTTTAATTAAACTAAAATACTATGAATAAATGTCGTATTTTTAAGAATGTCTTTGTTAAAGTATATTATACTT
TTGTTTATTCAATAACATTGCACAAGTAATAGGAGCATTTTGATAGTTTTCACAACTTATGATTCTTTTTATGAGTAAAAAATACAATTTAAAAGTTGA
AATTACTTGCCAGAAGTCCAAAATAAAACTTTCGTTTCATCTCATATGATTTCCTTTCATAATTTCATCTCACATGATTAAATGTTCCTTAATTTTTTTTA
CATTGTTATACAATCTTTATTCAAAATTATACTAGAGAAAATTGCAAAGATTGCTAAGACTAAAAACATAATCACGCAAAATAACTATAGCTTGCTTC
ACTACGATATGTAGCTACATGTTAAAAGTGAAGAGAGTTGAGGGAGATTAAGAGAGGGATAAAAGAGATCAGCGAGATGTAGGGCGTAAAGACA
AAACAAATGAATTGTACTTGTATATTTGCTGGATACATGTTTATATATAACTAGTATGTATATTGTGTATTCCAAAACGATTTGTATAAATGAATAAA
TTGTATCGGCAAAAATAATTATATCACTGTTGTATCAATGAATATAATTATATCAATGTTATATCAGAGAATACAATTATTCAATATTATATCAAGTTT
CACATTTTGTATTTGTCTAATTGATTGCTAACATTTGTGTCAATGTTATATAACGAATAAATGAATTTTTGCACTTTGTATCACTAAAAAGATCTTTAT
AGTTGACATTTATCATTTTTATAATGTATAATATTTATAGATAGTTATGAGTGCTGAAAATTATTTCATGAAAAATTACATATTTTCTGAAAAAGTAAA
CTATTTTTAATTATAATAATAATAATCTTTTTGAACAGGCAAATTTTTAATATTTTATTGTTTATAAAATTAATGAGTAAATAATATTATAGTTTTACTT
TATCCTTAAGAATTATTAAACTTGAAATATATATAAAAAGTTAAGTAAATAATTCATATTCATTGGTCTAATTAAACAATCAAAATGAATCAATTCATT
TTCATTGATTGAAAATTTGACTTTAATAGTACAATAAACAAGGATACAATAATAAATTTACCTAAATTTTTAAGAAATCTAAAATCTAAAATTGTAA
TAGTTAATATTTCATCTGTAATTACTTGTTCACTTTTATTTTTTAGTTGTCCCAAATTACTTCTCTATTTGACAAACTAAGAGTGGATATTTTTTTACTGA
TGTCCTCAATAAATTATTTTAAAAAAGATATAATTTTTTTAAATTATAATTTTTATTTGATCTAATTTATATTTAATAAAAGTAAAATAATAAACTCATT
ATATTAATTTTCTTAATAGAAATGACAATTCAAAAGCATATAATTTAGAGATAATTTAGAACATGTGCACTCATACGAGCGTTGCAATTACATTTAAA
AATTCCGACACGTTTCAGCGATAAAGGTTAAGATATTTTGTCCGACGAGTTAAAATATGACATTAATTTATACTTCAGGGTTTAAACCAGAGAGTTT
GTAAAAATTGTGGCCAAATGTTGTCATATTTATTTTTAGCAGTCACTCACACCATTTCATTTTTTCCTTATATTGTCATGTCTCAATGTGGCATAGTAG
GACTTCATAGAAATTTCGATGATCAAATAGATCAAGGATCCGTTTGGTCCCAAGAATATTTAAAAAAAACTTGAAAAATAAATTAGAAAATGGTGTT
TGATTATATAAATTGACAGATGTATTTATCAAATATCCGAAGTTTATAAATACTAAAAAAAAACTTAGTATTTAAGCCAAGTTTGAATATTTGGAAAT
TTTAAAAGATTCAAGTTTTGATATGAAATATTCATGTTTTTAAAATTAAATTTAATATATTTGAAGATGCTATAAAATTATTAAAAAAATATATAATAA
TTGACAATTCAAAATATTTAAAATAAGTATGAAGAAATTAGATCAAAGATAAAAATAAATAAATTAAATCTAGTAATCCAAAAAGTATCATTTAAAT
TGGGATACATAAATTAATAGGCTCAGAGATCGTTTGGTAGCTTGGTTAGAATTATATAAGTAACGTAGAGATAGTTATTAATGAATCTATACATTAT
TTTAAGCAAATATTAGTTACGTAAAGATTAATCATTTATGTGACTACACATGTATTTATTATTTCATCTTGTATCATGTATAAAATAGTACGTATATAT
TTTCATAACCTATATATGTATCAATTATGCGATGTCTAAATTATCAACCAAATATCATATTAATTCTTATAAATAAATAACTCATTTCTTCTTTACCTAC
CAAACATTATACTATTTTATAAAAAAATATTATATAAATAACCTATFTTTCATCCAACTACCA_TCAACTCATG CTCTCTTGGTTGAATTTA
CCTACACCTTTTTCTTGATAATTCGTCCAAAAAAGAATATTATGTTACTATAATAAAAAATAATTTAATTTTAATTTTTTTATATATTTTTAATTAAATAA
TTTATTATTACACAAATATTTAATAATTATTTTAAATTTTAAACTTTAAAAGTATGTATCAAATACCACCTAAATTAAGACGAATAAAATATTTATTACT
CGGTGAAAACATAATTGATTGTGAACCGTAATGGTTAATTGTTATATATCAAAAATCATTTTAATAAGTTGAAACCTATTAAGGACCAATAAAGCAT
TATCAAATACATTAAGGATCATTTTGGTATTTTTCTATTT

cDNA

TAGTGCAACCAAAAATATTGAAGCCATATATAGGTGTGGTGAAAGAGCAAGAGAGGGGAGAGGGAGTGCAGAGAGAAACCACACCATGAAAAA
AACC-GAGCTCAACAAAAGCACTGTTCCACAACCTATCACCACCGTATACCGACTCCACATGTTCATCCACTCAATAATCATGCTTGCATTAATAT
ACTACCGTGTATCTAATTTGTTTAAATTCGAAAACATTCTCAGTTTACAAGCACTTGCTTGGGCGCTCATCACTTTTGGTGAATTTAGTTTCATTCTCA
AGTGGTTCTTCGGACAAGGTACTCGTTGGCGCCCCGTTGAACGAGATGTTTTCCCTGAAAACATTACTTGCAAAGATTCCGATCTACCGCCAATTGA
CGTAATGGTATTCACTGCCAATCCTAAGAAAGAGCCAATTGTAGATGTCATGAACACTGTGATATCCGCAATGGCTCTTGATTATCCCACCGATAAA
TTGGCTGTGTATCTCGCTGATGATGGAGGATGTCCATTGTCGTTGTACGCCATGGAACAAGCGTGTTTGTTTGCAAAGCTATGGTTACCTTTCTGTA
GAAACTATGGAATTAAAACGAGATGCCCAAAAGCATTTTTTTCTCCGTTAGGAGATGATGACCGTGTTCTTAAGAATGATGATTTTGCTGCTGAAAT
GAAAGAAATTAAATTGAAATATGAAGAGTTCCAGCAGAAGGTGGAACATGCTGGTGAATCTGGAAAAATCAATGGTAACGTAGTGCCTGATAGAG
CTTCGCTTATTAAGGTAATAAACGAGAGGGAGAACGAAAAGAGTGTGGATGATATGACGAAAATGCCCTTGCTAGTTTATGTATCCCGTGAAAGA
AGATTCAACCGTCTTCATCATTTCAAGGGTGGATCTGCAAATGCTCTACTTCGAGTTTCTGGAATAATGAGTAATGCCCCCTATGTACTGGTGTTAGA
TTGTGATTTCTTCTGTCATGATCCAATATCAGCTAGGAAGGCAATGTGTTTTCATCTTGATCCAAAGCTATCATCTGATTTAGCCTATGTTCAGTTCCC
TCAAGTCTTTTACAATGTCAGCAAGTCAGATATTTATGATGTCAAAATTAGACAGGCTTACAAGACAATATGGCATGGAATGGATGGTATCCAAGG
CCCAGTGTTATCTGGGACTGGTTATTTTCTCAAGAGGAAAGCGTTATACACAAGTCCAGGAGTAAAAGAGGCGTATCTTAGTTCACCGGAAAAGCA
TTTTGGAAGGAGTAAAAGGTTTCTTGCTTCATTAGAGGAGAAAAATGGTTATGTTAAGGCAGATAAAGTCATATCAGAAGATATCATAGAGGAAG
CTAAGATGTTAGCTACTTGTGCATATGAGGATGGCACACATTGGGGTCAAGAGGCAAATTGGTTATTCATACGATTGTCATTTGGAGAGCACTTTTA
CTGGTTATCTATTACACTGCAAAGGGTGGACATCTACTTATTTGTATCCAGACAGGCCATCT 'I'I'C'I_I'GGGTI'GTGCCCCAGT-TATG CAAGGTTTC
TCATCACAGCTCATCAAATGGGTTGCTGCACTTACACAAGCTGGTTTATCACATCTCAATCCCATCACTTATGGTTTGAGTAGTAGGATGAGGACTCT
CCAATGCATGTGCTATGCCTATTTGATGTATTTCACTCTTTATTCTTGGGGAATGGTTATGTATGCTAGTGTTCCTTCTATTGGCCTTTTGTTTGACTTC
CAAGTCTATCCTGAGGTACATGATCCGTGGTTTGCAGTGTATGTGATTGCTTTCATATCGACAATTTTGGAGAATATGTCGGAGTCAATTCCAGAAG
GGGGATCAGTTAAAACGTGGTGGATGGAATACAGGGCATTGATGATGATGGGAGTTAGCGCAATATGGTTAGGAGGATTG



GAME17 (Solyc07g043480)

Promoter

>S12.40ch07:54590070..54593069
AATATGACATCAAACGGTTATATCTTCCTTATACGAGTTTAAAATTAACAAATTCGATGACGTTGTAAAGAAGGTTTCAACATCTTTCATTTGATATG
TTATAGGCCAACTCATCATATACCAAAAATTATGATTATTTAAAATTGACCAAAAACTCTTATTTTAAGCTTAATTAGCAAAATTTCAAATTTTGCTAT
TGCTATTTCTAATTTAGTTCTTTCAGAAAAATAAAAATCTTCTTAGGTCCTCTTTAATAAAAATCTTTTAGGACCATAAAAAAAAATAATGGGGCTCAT
TTTTCAAAATATAGCTGTCGAACATAAATAATGGAGCTTTGATTTAACGtacagcataCATAGATCTGCCAACATAGAAAGATTTTCCTAGTATAAAATT
TTACATATTTTAATAAAATATTTAATTTTAATTTTAATTTTTTCATTTCATCTTTTATAAGATATTTTCAATTTTTTTTGTTTGTTTGTATTTAGTCAAATA
TCTTCCCGTGATTGAGAAGTATTCAATTTACATGAAACAGACTCTAATGAATTCTCATTTCAAGGAGTGGACCAGAGTTCAGAATTGACAAAAATAA
AGTTAATGCCACCCCTTGTTGGACAAATCACGTATACTACAAAATTATTTCATTITCCTTGTTTATTTTTGATTTTATATTTAATTCTTTTTTACTTTTAT
CATTTTTAACAAATAATAATATTTTTTCCTTATTACGTTCTCAATTTATTTATAAAATTAATGTTTTTGAAAAAGTAAAACCTTGTTAATCAGTAAATTG
ATTTTGAAATATTATCAATTAAAAGAGATAAAATTGTAAATTCACTATGTCAATTATTATTTTTTTGAAAAAAGTTTTGAAATATGTTAAATTTTTAAC
CAAAATTATTATAACAATTCCAAACTTTGAATATAATTTTTTAAGATGTATTCAAGTAAAAAAAATGAAGAACTAAATAGGGTATGAAATATCAAAT
AATAGAAGTAAATTTAATTTTTTGGTTAAATTTATTGTGGATAAATCAAACTAGTATTACTTTTTCTGTTCATTATTTTAAGGAATTGTATTTGTTATAT
ATTATATATAAAATCACGACTTACCCCTTTATAGCAATCCCACTAAAGTGGTTTGTTTCTTTGGTGCACTATACGTGTATATGATTTTATGGCATATCA
CCTGAGGGTCTTGGAGTTGTGTGATAACATACTGCATTGGTCATTACGATGAATATGTTATTGGATTATAATGTGATGAATAATTATGTTTCAAAGT
TATATGAAGCAAAGCTTTACTCATGGTCTCTTATCTTATTTATATGATCGTGAGAGGTTATGGGGCTCCACATGATCATTGCACTTATAGGTTGAGGA
TGAGATTATTGATAAGTGTTTTTTATGTTATGTTTATATGATCTTTTGATTATGAAATGTTCACATGACTTTATGATAATATGTCTTCGCTTATGATCAT
GCTTTATGTTAATGGAATCCTTAACTAGTATATGTTCTATGGTATGTGCATTGAAAAGGGAGAAAGCACCAACTCTTTTAAAGTCCAATTATATATAT
ATATTTATATATATGAAATAAACATTTTAACTTCTTTTAAGTTAAAAATAATAACTATCTATTTTTTAAAAAAAAATAAAAATAAAAATCACACAACAC
ATCCATTTGCGTCAAAGGAAAAGGTATGTAAAATTAAAAAAACAAGTAAATGTGAAAAGAGAAAATGTAAGGTAGTTCTCTAAAATTTCTAAAAGA
TAATTTAATTATGGGGGTGTTTTATCATATTAATACGAAATTTTAAAAAATAAATATCATCATACACTAATGACTGCATGACACGTGATAATTAATTT
AAAATATAATTATATTTATCTTAAATTTTGCTTTATCCTTTTCTTTTTTATTTTTTCTCTTACTTTTTGACTAATTTTCAATTTTTTCTTTAATTTTAAATTT
ACCTTCCCACTTCACCCATCTCCCACGTCAGAACTGACCCGCTCCCCTCATTTTATTTCTTTTTTITCTTCAACTCCCATACTGCATATAGGTGTCACTCTC
TCTACATGTGAACAAACCACACAAGACGCAACATGAATTTAACTCCTTTTCATTATTTATTCTTTTCATTTTTCAAGTATATATTITGGATGAAAATCAT
ATCTTATAATTAAAAATTFATTFATTATTITAAATCATCACACATGACTTCTATTTAATTAATAAAAAGATATGTATI'CACTCAACACATCCA'IT-
-CACCCCACTCCCAG CACCTATTTAACATACAGTACACCCATTATGCGCACGTGAAAAGGTAGTAAATTCTTCTTCTTCTTCTATATAATAAAAAA
TAAAAACTAAATTTTTAAAATTTTATTTGTGTCATATAAATTGAAACAGTGAAAATAATGTATATTATTAGTGACAATAATTAATGATAAACGACATT
TGATTGAATTTTAAATTTCACACGTGATACATAGATTGAGATTATTATTTGACAATTAAAATTTAAATTAACAAATTACAATAACTGACAACTAAATTT
TTATTTTTATTAAAAGTTTGATTGAATTTCAAAATTTCATGTGTCGAATAAATTGAGATAGAAATAGTTATATATATATATGTATATCAATTGAAAACT
ATTTTAGAAGTATTATAAATCATAATGATTAATATATAATTTAAAGTAGTTAAAATTTAACATGATTCAAAATACATAAATTAATGGACTTATTTATGA
TATTTTCTTCTCAACACATTGAAGTATATATTTGGAAAAATGATGAATCTAAATTTTAGGCTGTCTGTTTAAATTATTATTTTCATATGCAAACATTAA
AAATACGGTTGTTGGTATTCGGTAGTTGTTACTTCATATCTATATATCCTTGTTTAGAGTAACACTCCAATAAGTCTTCAAAAAAAAAAAAAAATACT
AATAGTTATACTCCACAACATCTTCACAC

cDNA

BB GATAACAAAGATGATGTAGCTGTTGTGATAGCTCCATTACATCTTCAAAGCCATCTCCGACAACTTCTCCATTTTGCATGTAGAATTTCCTCCTA

TGGTCTACCGGTCTACTATCTCGGCTTAGCCGCCTCTAACCGTGAAGCTAGGCAACACTCGACTACCTTAAATCCTTGTGACATAGAGAAAATCCAC

TTCCATGACCTCCAAATTCCTAATGAAGATCCTCCTCCAGATATTCCCATGCATATTTGGCATGCTTCTATGCGAACACGTGAACCCATTGCTTCTTTC

CTTGGAGATATCTCCTCAAAGGCAAGACGAATTGTTGTTGTTCATGATCTTTTAATGTCCTATAATGTTCAGGATATTTCTTCATATCCCAATGGAGA

ATCCTATGTATTTCATTGCCTACCTATTTTCGATATGTATTGTAGTCACTATGCCCCAGCTGCAGGATTCCCTATTCCACTTGAAGAAGCGCTTCTTAA

AAGGCTACCTTCCAATGATGGATGTTACAACCCTGAGGATGTGGAGCACCATGCTAAGTATCTAAATCATTGCATGGGCAAGAATGCTGGTGATAT
CTTTAACACAAGTCAAGTAATTGATGGTACTGCTATTGTTGATTCCATGGCAAATCTTGCCACCATGCAAAACAAAAAGTTATGGGCATTAGGACCA
ATTCTCCTTACACAAGATCATGATAAGGTCCAAACCAAACACTTCTGTTTGGATTGGCTTAACAAACAGCCTCCTAAATCAGTTATTTATGTGTCTTTT
GGAACATCTACTTCATTTTCAGCTGAACAAATCAAGGAGCTAGCAATTGGTTTAGAGCTAAGCAAACAAAAGTTCATATGGGTACTTAGAAATGCT

GATGTAGGAGATCCTGTTAACAACAAATGCGAAGAGAATAGATCAGGAACACTTGAGTTGCCAGAAGGATTTGAAGAAAGGGTAAAAGGGGTTG
GCTTAGTGGTGAGAGAATGGGCACCTCAACAAGAAATCTTCGCTCATCCCTCTACTGGTGGCTTCATGAGTCACTGTGGATGGACTTCGTGTTTAGA
AAGCATTATTGAAGGTGTGCCAATAGCCGCTTGGCCTATCCAATTTGATCAACCAAAAAATGCTTTTCTAGTCGCGGAAGTGCTAAAAATAGGGCTC
CATGTTAGGGAGTGGGAGCAGCGGAATGAGTTAGTGACTGCTTCCACCGTTCAAAATATAGTTTGCAAATTAATGGCATCGGAAGAAGGTGATAT

GATTAGGAAAAGAGCACAAGAACTAAGGACGGCTGTAAAGCGGTCCACGGAGGAAGGTGGTGTTTCTCGAATGGAGTTGGATTCTTTCATCGCGC
ATATCACAAGATTEE



SSR2 (Solyc02g069940)

Promoter

>5L2.40ch02:33940599..33937600
ATTTATTAAATTAAATTTTAATTCATAAATTATTTTACCTAATATGCCTCCAGATCGTTAGCAGTTTCATCTGATTAACAAAAGGAATCTTGAGCATTA
AATAATGAACACGTGTAAAAATTTTATGAAATTTTAATCAAAGTGAATTTTATGAAAAGTTTATGTTATTCATAATGGTTTGAAATATAATAATACGT
CTTTTACTTTATAAATCTTAACAAGAACGGAGAAAAATTATTCAGTAAATATACGATATTATTATTTATATATATTTATTAATGGAGAAGGAGTAAGA
CATTCTAATAAGATTTTTCTTTTAAAATAATAACTCGAAAATGCCTCTCAACCAATTGTAAAACAAAACTCCAAAATCTAACTTGCACGGTAGATTCG
ATCTGGGATAAGAATCTAATTTTAAAATAATTTACAAAATAACTTTTTAATCTTATAAAGCGTGATAATAATTAGTATTGGTTCAAAGTTAATTTCTTT
TTATATAAATAAATTATTTCATATAAAACAATGACAAAATAATCACATAACGTATTTTAATTTCTCTCAGCTCATCATTTGCACTCAATAGATTCTACG
TTTACGATATCCTATCTGATTACTCATAATTCTTATAGTTATTTTTTCTAAAATGCAAATTATAAAAATTATTTTATGATAAATTATTTATCATATCAATA
TGAAATAAAATCATAATGTATAACACTAATTATATAATTTTTTAAATTTTTAATTTTTTATTTAAAATATAAAATTAATGTATTCTAATTTTAAAAATTG
TCCAAATTAACTTTCGGAAAGATACTATTATATAATTTTTTGTGGCAGACAAATCATTTATTGTTTCACCAAAATAATGCACTTGGAAAGCGGGCCAA
AGGGGTCACGTGGTTGTCAGCGGACGATAAGTTACTTTGTCTTTTTCCCTATTTTTTATTTTCCAATATATTAAAAATGAAGTTTTATATTTAGTTTTCT
AATTTAACTTATTAAGATAAAAATATCTTTTTAATATTAAGTAGCATCTATAATTATTTTGAATATTTTAAAACTAAACCTCACTTAATGAGTAATTATT
ATGGTAACAGTATTTTATCATCACGATTTGATCCTAATTGATGCAAAACCATTTTTTCATGTTTATTTTAATTGTTTCTGTAATAATATGTTACTTATAA
GAATAATAATACCCGTTATAATGTTAAATCATCCGTAAAATTATCTCTTTATACTACACATATAAAACTATAGTGAATAATATTTTATGAAAAATATAT
TATATATAAGTAAAATAAATAATACTAAGTGTTTTAAATATGAGTATCTAAAAAAATAATATTTAAATAATATTCGTCAATTATATATAGGATTGCTT
CTTTAGTGTTTAGTTTAATTAACAAAAATATTGCTTCTTTGTTATATCAAAATTATTAAAACTAATTCTTTGTCATACTTTTCTTCAAAAATAAAATCTA
AATAGTACCTCACTTTAATAATCATGTAAATTTCAAATGATTATTATTAGTATAATGCCATTTAACGATATATAAAGAATAATTAACGACTCTTCAAAA
GTGATACTTTTGTACTCTTTCTAACAATTTTAGTTAAGTAGTGGGGGCGTTTGATEEINEEE A A A TEEHGEEEN A A GATATAAATCACACTTAC
AAAATGATTTTGGATTTTTTTATATTCATTTCATCATTTAAATATATATAATTCATATAAGACGGAGAAATATTGAAAATATTCATAAATTTAGCAAGT
TTTTAAATTATGTTATAAGATTCAAGATGTACTATTTAAATTATAATTAATAAAGTAAAAATATTATTTTTAATAATTTTTACATATAATTTAAAAGTGT
ATTTAATACTTAGCTTTTTACGATTTTATCGATGTCCTCTGCCTACCAACCAAATAACATGTTTTTCCGTAAATACCCCTATTGTTGTAAGTTCTCTA
TAAAGCACACTATCATCTTTAACTAAACCATCTCTCATTTTGGGGAGTAAACTCTGCAATCCAATTATTAGGTACTCATTTTTCATCTCTTCTCAATTTT
TTCTCACTATGATTATTATTTTGTTAAATTTAAGCTAATTTTATAGCTATTTATGCATGAAAAATCATAATTAGTGTTAAGAATTCGGTAGTTAATTAT
GCTTTTCTTTTTGTACAATGCATGACATAGTTAGAGTAGAACAAATTATTTTGTTGCTCATGAGTCATGTTTCACGCATGCTGAAGTTTTTGGGTTTAA
TTTTTTTTTTGAAGTTAGTTTTATAAACCAATGTGTTGAAAATAATTTTCTGTAAAGAACAAATTATATTGTTGCGGAATCAGTTGATAATTTTGAAGT
GAAAGAGCATAATCTTATTTTTTGGTAATGCTCCAATAGAAGCATATACTAGTAATTTTGTTAGTTTTGCATATCAAAGAAAAATGTTATTAGTTGAA
AAATTATGTTGTATATATAGTCAAATTATAAATATTTAAAGCTTGGATATTTTTGACATAAGTTAGGTTTGAACTTGCTCTGTTTTCGTTTACTACTGT
TCTTCCCTAAATTTGAATAAATTATTGAGAAAGCGGAATGGATTATTTCTCTTGAGTTTTTTTTTTTTCTGAATATTTCTATGTTTTTTTTTGTGAATAT
GGAGGTAAATTTGTCAAAAAGTTTAGATGATTTTTGGAAGACAACTTAGATTAGTGATGTTTAACGATTAATTAGTATAAGTTGAGTGACCATTCAG
ATATTCAACTCCATATTTAGTCTATTTTACCTTTACATCAGTTGATTTTACAATGATAATTAGTAACAAGAAAATGGCCATGGTGCATAAATTTCAACT
TTTAGTTTCAAGATTGTACTGAACTTGGCGTTTTTCGCGGGATGCTGTTGTTGTTAATCTGACTGTCAATAGCATTATGTTTTTGGGAGAGGTTTCAT
ATTGATGCTATTTGTGCCTTAAAGTTTGTTAA

cDNA

GTAGTGCTCAATTGGTATGTGATTGATGATAAGTAGTACATTTCTTGGCTGTGGTTCTTAACTTGGATTCGTCGTTGTAACAGTTGTTTGTCCTCAAG
TTTTCAAG-TCGGATG CTAAGGCCCCCGTGGCCACTGCTTACCCTAAGAGGAAGATCCAGTTGGTGGACTTCCTTCTTTCGTTCCGATGGATCAT
TGTCATCTTTTTTGTCCTTCCATTCTCGTTCTTGTATTACTTCTCGATATATCTAGGGGATGTGAAATCCGAGAGGAAATCTTACAAGCAACGCCAGAT
GGAACACGATGAGAATGTTAAAGAGGTTGTGAAGCGTCTTGGCCAGAGGAATGCAGAAAAGGATGGTCTTGTATGCACAGCCAGACCTCCTTGG
GTGGTTGTTGGAATGAGAAATGTCGACTATAAACGTGCTCGTCATTTTGAAGTTGATCTTTCAAAGTTTAGAAATATACTTGATATTGACACGGAGC
GGATGGTTGCTAAAGTTGAGCCTCTAGTCAATATGGGCCAAATGTCAAGGGTCACTATCCCAATGAATCTTTCCCTTGCAGTTCTCGCTGAGCTCGA
TGATCTTACCGTTGGTGGTTTGATCAATGGGTTCGGGGTTGAAGGAAGTTCTCACATATTTGGGTTGTTCTCTGACACTGTTGTAGCACTTGAGGTT
GTTCTAGCTGATGGAAAGGTTGTTAGAGCTACAAAGGACAACGAATATTCTGATCTTTTCTACGCTATTCCGTGGTCTCAAGGAACATTGGGGCTTC
TTGTTTCAGCTGAAATCAAGCTTATACCAGTTGATCAATACGTGAAACTTACCTACAAACCTGTAAGGGGTAATCTTAAAGAGCTTGCTCAGGCTTA
CGCGGATTCTTTTGCACCTAAAGATGGAGATCAGGACAATCCTTCTAAAGTTCCTGAGATGGTAGAAGGCATGATTTATGGTCCAACCGAAGGGGT
TATGATGACCGGTATGTATGCTTCGAGGAATGAAGCCAAACGAAGGGGTAATGTAATCAACAATTACGGTTGGTGGTTCAAACCATGGTTTTACCA
ACACGCTCAAACCGCACTAAAAAGAGGGGAATTTGTTGAGTACATTCCAACTAGGGACTACTACCACAGACACACGAGATCGTTGTATTGGGAAG
GTAAACTAATTCTTCCATTCGGTGATCAGTTCTGGTTTAGGTTCCTCTTAGGATGGCTCATGCCACCAAAGATTGCTCTGCTCAAAGCCACACAAAGT
GAGGCTATTAGAAACTATTACCATGACCATCATGTCATTCAAGATCTCCTTGTTCCTCTTTACAAGGTCGGTGATTGTCTCGAGTGGGTTCATCGCGA
GATGGAGGTATATCCAATTTGGCTGTGCCCACACAGAATTTACAAGCTGCCAGTGAGACCAATGATCTACCCTGAACCAGGATTCGAGAAACACAA
AAGGCAGGGTGACACCGAATATGCACAAATGTATACTGATGTTGGTGTGTACTATGTTCCGGGAGCAGTCCTGAGGGGTGAGCCGTTTGATGGTT
CAGAGAAATGCCGACAACTTGAGCTTTGGTTGATAGAGAACCATGGATTTCAGGCTCAATACGCGGTGACTGAGCTGACAGAGAAGAATTTCTGG
AGGATGTTTGATAACGGTCTGTACGAGCAATGCAGAAGGAAGTACAAAGCTATCGGAACGTTCATGAGTGTGTACTATAAATCGAAGAAAGGAAG
GAAGACAGAGAAGGAAGTGCAGGAAGCTGAGCAAGAGAAAGCTGAACAAGAGACTCCTGAATTGGTTTCTAGTATGAATTTTCGCCTTTTAAATA
AG CAGCTACAT-ACAAGTATTTTACTAGTAGTAAG GTCTGCTTGCCTGTTCCAAATTCAAAAAATGTTTCAAATAATAATGGCTAGTGCAGTTCA
AAACTCTCAAGTTTCATTTCT



E3 Ubiquitin ligase (Solyc10g008410)

Promoter
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AAAGAATTACTATGTTCGTTTTTATTTGTTTGTCCTATTTTAACTTGATTCTAAATTTAAGAAAGTAAAATAATTTTTGAATTTTGTGATCTTCAATTAA
AAAAAATGTGAAATGTATCAAATTGTCAATTAAGTTTTTAATTTTAAACTTGTCGGGTTAAAAGTTAGAATTAACAATTTGTTAAAAAAGAAACGTTA
AAGGAAGAATAAGATGATTCAGATATGCAAAGAAGAGGTAGTGAATACGCCAATTAGGAGGTTGGCCAAAAAAACATTAATCGCTTTCTTGTTTGT
AGCTACTTAGTAATTTTAAAAATGATAGAATTATCAACAAAGAACACAGATTTTCTAGAACACAGTTTTGAAGTTGCAATTTAATTACAGATCTTAGT
AATTGTAGTATTTATTAGACAAAAATACAAAAAAGTAATTACAAGTGTAAAGTACAATACTTAGTAGTTAATTATTAGAGAAAGTCAGAGTATGTCT
CTTAACGATTAGGAAACTGCTGAGTAGCCCCAAAAAACTAAAAGGCGGTGAGAAAACCCTAAATTAATATTGAAGAAAGGAAAAAAAATTAGATG
TATCCCGAATTATCGTAAATGGTATGCAGATATTCTTCGTCATACTTTGGAGGATATTGGTGCCCTAGCTGTCCAGAAATTACAGCATACATACCCTT
TATACTAACGGACATACACATGTCATAATTTTATCCACCGATATGACATTTATCGACGGATAAAACTGCACCACGTGAGCATATTTAGTCTTTCGTTA
GAGTAAAGGGCATACATGTTCTAGTTTATGGATGACAGAGATACTAATATCCCGAAAATATGACGAAAGATGCTTACATACCATTTATGATAGTTTG
ATGTATATTTATATTTTTCCCCTTAAAGAAATTGGGTGATAAAGACTAATAACTTTGACTTTAATACTTAATTACATACTAATTGTCAGGTTGGATAAG
GTCTTAGCTGAAAAATTAAGGTAAGACTTCAATTACTGGACACCTGACATCATGGGCGGATTAAAATATAACAACGGATTTGAGCTTTGAAAATAA
TCTCTCGTAGTGTTCAATCCAACCTACGTCTTCATGTTCATAAACATGATTAGTGTCGAATGACATTATCGGAATAATATCTAAGATGAATGAAGGA
GGATCCTCCATAAACATATCAAAATTTTGATTTTCTTTTTTTAAAAAAATTATGAGCAAAGTAATGAAATAGAAATAATAATACCAAGAAGGAATGT
GAAATTCTTTGATCGGAGAGATAAATAAAATTCAAATTCAAAATTAGAATGATAAGATATGAGAGGAAAAATATGGCGTGATTTCTGAAATATTGG
AGAGAGAAACATGGGTTGGGTTAGAAGATGGGAGGTTATGTATCTGGGAGTTAGGTTTAAGAGGTAAAAAAGAGATTTTAGTAATATTTTAAAAA
AGAAGAGAATAATAGAAAATAAATAAATTAATGATTTGTATATAAGTAATTTTTTCAAAATAAATTCTTGTGATTCGATTTTTAATAATTGAATAAGT
CTCCTTGTATATATCCAATTATTTGAACAATTCATTTATTTAAAATTTAAATTTAATATTTATATTTTTTITAAATAAAAAGTTTTGTCTATTCAAAAAGG
AAGCAACAAAAGTTTTGTTGAGTAACTGAAGGTTGCATAGGTAAATTATATTGAAAGACATATTATATGATTTGACTGATTAACCTACATATTCAAA
AATTAAAAAAAAACTTAAAAATTATTGAGAAGATTTCCTCATAAACAAACTCTTTAAAAACTACATTATGGGTGCGTTGTTTGGATTGAGAAAATAA
GTCTTTAATTTATATTAGTTCTAATTTTTCCTCCAACAAAGGATTAACTCAAATTGGAAGAAAATTACTAAAAACATTTATGATATACTTTGACTTTCTT
TTAAGAGAAAAATAAAAATCAAATAAAGTAAGAAAATTAGGGCTAAACGCTAACAGATCTTTCATGCCTCAAAATTTTAATTTCTTCTAATATAAATC
ATTTCATTAAAGATAAAATGAATATTTTTTAAAATTAAATTATCAGTAAACATATAAATATATTGTTAAAATATATTATTTATTTAAATTGACTAAAAA
GAATATATCACATAAATTAAGACAGTTAAGTTGACGTATAACACCGGCTTTAGTCATATTTAACACATGACCTAATGGCTTGTATATACTTACCAAAG
TGTCATACTCAAT_TTCACTFTATGACTATITTTAGCCCCTCCATCTTITTGGGACTTTATATI'AATCAACATATTGATTAGAAATGTTCTT
TTTTAGTGGGATATTCTGATGCTTGTATCCAATTGAGGTATTTTCCTTTTTCCTTCTTTGTGTCTATATTTCTAATTCACTTATATCGAAAAAGATTTTG
ATCTTTTTGTAATTCAATTGGTATTTTGAAACGTTTCTAACTATATTGTTTTAATTTTTTAAAAATGTAGATAGATGCATGTCGAATTTCTCAAAAGTA
GCGTATCTTTGAGGGATGCAACATGAGTATATAATATTTTTTTAAAGTCCGATTAACATAGTGACTGAAGTATCGTATTTTAGGTTTTTGTTTTCTT
GGAAATTGGAGGGATGGTTTTTGTTGTTGTTGTTGTTTCTAATGACTAATTTGTTTTAGGTCATGATTTTCGCCAAAACGTGTCACACTATTAAGAAT
ATGGTCCTTTAACTTGGCTTCAATTAGTCTTTTTATGCTCCAACTTTCTGTGTCTCAAGTAAACACTTAAATTTGCAGTAGTTTTTCTTATAGTCGGTGT
TTTATGATATAAGTTAAGTTGTAAGAAGCGCGTTTTAGAAGAGTTGGAGGAAACATATAAACTTATTTCAACATATTTCTAACAGGGCATTAGCAAT
CAATGGCCCTGGATTTCATTTGCAACAAGCAAATAGAAGAAGGTAAGCCCATAGAGAAGTTGAAA

cDNA
BBGTTGATGATGAACATGAAGGCGGCAATCTCTCTCGTGGTTTTGAGTGTAACATTTGCCTAGATCTTGCACATGATCCAGTGGTTACCTACTGTG
GTCACTTGTATTGTTGGCCTTGTATCTACAAATGGATTCACTTACATAGCATCCCTTGTGAAAATCCAGCTCAACGCCACCCACAATGCCCGGTTTGC
AAGGCTCATGTTTCACAAACAACCATGGTTCCACTCTATGGACGCGACCAAGCTACAAAAACATCTCAAGATGATGGCATGGCCATACCAGAAAGA
CCTCAACAATTCCATCATCGGTCTAGTACAAGCACGATTGGTGAAACAGCTCATGCAGAACGCGTTGATGGGAACTCATTTGTTCCATATCCAAACG
CGCATCATCTAGCAGGGACCGCTAGTTTGAGGATGAGAAGGCAACAACTGCAAGCTGATGATAAATCACTTCGCAGAGTGCATTTTTTTCTCTTCTG
TTGTGTGGTGTTGTGTCTTATCTTGTTATGH



A(7)-STEROL-C5(6)-DESATURASE (Solyc02g086180)

Promoter

>5L2.50ch02:48923013..48926012
AACTCTCACAAAATTATTAACTGTTATTCGAATTGATGACTCTAGAAATCTCCAAAGACTCAATAAATTTTATCAGCGATAAATCTTAGTATAGCTCTA
TGAATGTAGGTCACTAGTGCAACAACTGGGAGATCCAAAACTCTCATATAACAAATCCTCTATAATCATTTTGCTCTATTCCGGAGAATTTCATTCCA
TTTCCTAAACTCAAAGTATCATAATTACTGCTACTTCATTAGATAGAGAAATTTTGTTTACCTTTATTTATGAATGAAAAACAAGAAGAAAACTAGGT
TCTATAAACGTATGAAATAAGGCGAGAAAGAGATTACTTGAAATTTGGAAACTTGAGCATTGTTGACACCATTTTTATTGGTGAAATTGGGTTGTAG
AGATGGTACTGATGCTATCGCAGCTTCTCTCCTCCCGTCGTCCTCTTCCATTGAAACAGCTCCAGACCCGACCCTGACCCGCTTCGCTCTGTGGCAAT
TTATTCGGGTCTTTGGGTCTACTGACGGGAATGGGCCAGGATACAACATAACACGGGCCTTGTAATTTCATGATCCACTCATTTGTCATACAGTGAA
CATTTTTTGTATAAGTAAATAGATTTTTATTATAATCGATATATCTATGAATGAATAGATTAGGTTAAATTTAAATAGATCAAGATAAATAGAGTTAA
TAAGTTACTGTTAAACAAAATTAACCATAAAAAAATATCGCATATCTAACGTTGCGTATGACATTTCATGTGAAGATTATTTATTTCTATACAAATTTC
TATTTATATATCGTTTATACAAAAAATATATAATTTTTAATATTTGTTATTTCATAAAATTAACGTATAAATAACTATATTTTTCTTATTTTATTTTTCAG
CATTATTATACTTAAAAATATGAATTTAATTGACATAGAAAAGACAAACAACATGATACGTGGTACTCCCTTACTTTGTCTCCTATTTATATTTATTAA
TTATTAGGACAACATGAGTATTTAATTAAAAGAAAAACCTGCTCCAACTCCCTTCACATGCACACAAAATCCAAAGGGATACATTATATAGGTTTA
TTAAAATGTTTTTTAAGTATTTATTATTATAATTAAGTAAATTATATAAAAATATGTTATTTCTTTAACTATACATATTAATTCTGATTGGAACAAGCTT
GATAATTTAATACTGAGATTTTATACATATAATTAAAAGATGTTATGATAAATTGAACTACTTAATAAACATGTAAAAACCCATATATTTTCAAAATA
TTAAAGTTAAAATATCTAATAAACTTTTTTTAATCATATAGTTAAAATATTCAATTGAAATAGATTGAATTTAAGTGTCTAAATAAATTTAGTAACAAA
CTAAACAAACGAAGGGAAAAAAAAGATAGAAAGGAAAAGATTAAAGAGCATTATTTCTGTTATGCTTGATTTTAATTTAATTCACCACTAAGATTTT
TTATTTTTTAGAAAAAAATTACAAACCATTAGATCACGTTTACTTTTTAGGCTATTGTTAAGTTGTGGAGCTTGATTAATATTTCTGTAACTAAATATA
CTCTGAATTATTAATATATACTTCACCGCCGTGGAAGTTTATTCACGGATATTACCACGAACTATTAATTTCTCTCTCTAGATCTCTCATCTCTCTCTCA
AAAATTCTTATATTTTTCATTTATCAAGTGTGTGTGAATTCGATCCTAACAACTATACGAGTAGAACTACCTAACATTTCAAGTAGCGGCATGAAATG
TCTATTTAGGCTAAAAAACAAAGGACCACGAGGAAAATAACAACGGAGAGAGTGATTTTATAGCCCCTCAGCCAAATAAATAAATAAATAAATAAA
TTCTCTTTGGCCGGCCAGCTAGTTTCAATCTTCGCAAAATAATAGATATTTCTTGATAAGAAGGTTTAGATCCATAGCATAGGTAACATGAGAAATAT
GAAAATTAATATCATATAATATATTTAATTTAATTTTGTAAATTGAATCTACAAAATAATGATGTATGCACTATTTAATATT TTGTGAATGTTGAAATA
TTGTTTCATTAGACTGATATGATAGATTGCTAAACTAAATCTCATAATATATATTACATTAAAGCTCAAACTATAATCTCTTTGATACTATTTCCATAG
AACGAATGTGCATTAACAGAGGGGAAAGGAGAAAGACCACATAATGATTAATCATAGAGATGATAATAAAACCAACAAAAAAAAAAAAAAAAGA
CAAAGTAGAACAAGCCAAACTTATGAAGGCCATAATAACCATATAATAAAACAGACAAAATTTTAATTTTTGAATTTTTTTAATGTAGTCGAGTTTCC
CCCCTTCAAAATTAATTATTGTGACATCAATATACTGCAACAAGTGGCTGGTTAGTTCAACACAAGTTTAAAGGAATAACACAAACAAACTTTCATCT
AGTTATATCGTTTTAGTAAAATGGACATAAGTTATTGCTTAAATTCCATAACTGTTTATATTTTCTTAAAAGTTTGATACATTTGTTTATGAAAATCAC
TTAATAGCTTAATGTTAGATGTATACATATCACAATTTTAGCTAATATCAAAGTTAATTTTGTGTCTAACTTTTTTATATATATCTACTCGATTTTCAAT
AGTATCTAGATTAATGAAACATGACAAGGTGAATTCAAACTAAGGATTAAAATTAATAAAGCATGATAAGATTATATTAAATATATTATTGTTATCA
GTAATATTTTCTCGATTTATTATTACATAATTATTAATAAATGTATGAAATATTACTCTAAAAAAAAAGTGATTGAATGATAAAAATAAAATGTGAAA
TCTATCATATTTTTAAAAATATTAAACAAATAAAATCAAACGAACGATCTTATTAGAATCTTTTGCCAGTTTAGCTCACCACACAACACGTGGGAGTA
GTAGTCCAAAATGGAATCAATTTTCATTAAATACEBBIGIBENE CACATGCATATA

cDNA
TTGTGTTACCGCACTAGCCCCTCTTTGTTTTCCTCTCTATCTTCACTCCATAGTTCCTCCTTTTCCGGCGGACCATCGCCGCCGGAGTCTGGTAAAACC
CGACCCGAGACGGACATATTTCTCT TTTACCTAGTATACCGTCGGAG-GAGGATTACTTGAAG CTATTCGTGGAGGAGACATCGTTTTACAACCG
TCTGGTTTTGGGTACATTCTTGCCGGAATCATGGTGGGGACCACTTCCTCATATGCTTCAAGGATGGCTCCGTAACTACATTGGCGGTGTTTTACTTT
ACTTCATCTCCGGTTTCCTCTGGTGCTTCTATATTTATCACTTGAAACGCAATGTCTATATTCCCAAAGATGCCATACCATCAAAGCAAGCAATGCTGT
TGCAAATATCAGTTGCTATGAAAGCTATGCCGTGGTACTGTGCCCTTCCATCACTTTCTGAGTACATGATTGAAAACGGATGGACCAAATGTTTTGC
GAGAATAAGTGATGTTGGATGGCCTACCTACATCATCAATGCGGCTATTTATCTTGTAATAGTGGAGTTTGGAATCTACTGGATGCACAAGTTATTG
CATGACATAAAACCTCTGTATAAATATCTGCATGCTACACATCATATTTACAACAAGCAAAACACACTTTCCCCATTTGCTGGATTGGCATTCCACCC
ATTGGATGGAATACTGCAGGCAGTGCCACACGTTGTAGCTCTTTTCTTGGTGCCAATGCATTTCACTACACACATAGTGCTCATATTCGTGGAAGCC
TTATGGACGGCTAATATTCATGACTGCATACATGGTAAGGTGTGGCCTGTAATGGGTGCCGGTTATCATACCATTCACCATACAACATACCGCCATA
ATFATGGTCA‘ITACACAATATGGATGGACTGGATGTTI'GGAACTC‘ITCGTGATCCCGTFGAAGAGGATGCCAAGAAAATG-TGTGCATGATITG
CACTCAAGGATGTTCCTTATTGTTCATTGTCCCAGCAATTTATCTCGTGTTTCCATCGTTGGTGGATGTAAATTTTGATGTAGTAGTTTATGTGAAAAC
AATTTGCTTTTATTGTCTTTTCTTCCCCTATATATTTAATAATAAGCAATAAAATCTGTGGGGAAGAAAATTTCAGTTTCTAACTTTATGCCGGAGTCC
TTTGAGGTAATCATATAACGAAAGCTAAATGTGAATCACATTGTCACCATGTTATGGTGGATA



Supplemental Figure 3. GC-rich boxes found in SGA-related genes.

Three GC-rich boxes in the promoters of target genes are known to be bound by group
IXa ERFs (Shoyji et al., 2013). A P-box recognized by all ERFs, except clade 1 AtERF1; a
CS1-box bound only by clade 2-3 ERFs (e.g. ERF163, ORCA3, AtERF13) and a GCC-
box bound by all, except clade 2-1 ERFs (e.g. ERF189, ERF115). For each gene is
highlighted the presence of a P-box (green) in the promoter region (~3000 bp) and the

start and stop codons (red) in the coding sequence.



Supplemental Table 2. Details of homologs co-expressed with GAME9 in both tomato and potato

presented in Figure 1.

Annotation

Solyc ID (tomato)

Sotub ID (potato)

GAME12 (Aminotransferase-like protein)
GAME4 (CYP88D)

GAMESG (CYP72A)

GAMEL (UDP-galactosyltransferase)
GAMEL1 (2-oxoglutarate-dependent dioxygenase)
Cellulose synthase

SSR2 (Sterol side chain reductase 2)
Phylloplanin

DNA topoisomerase 2

F-box family protein

Unknown protein

Subtilisin-like serine protease

Ascorbate peroxidase

Male sterility 5 family protein

Laccase

Laccase

Genomic DNA chromosome 5 P1 clone MSI17
Microtubule-associated protein MAP65-1a
Leucine-rich repeat receptor-like protein kinase
E2F transcription factor-like protein
Tubby-like protein 13

Kinesin-like protein

Cyclin A-like protein

Pollen allergen Phl p 11

Glucosyltransferase

0s03g0291800 protein

Cyclin-dependent protein kinase regulator-like protein

Genomic DNA chromosome 5 TAC clone K19B1

Leucine-rich repeat receptor-like protein kinase PEPR2

Dopamine beta-monooxygenase

LRR receptor-like serine/threonine-protein kinase
Pectinesterase

0s04g0690100 protein

Alpha-hydroxynitrile lyase

Cyclin A1

Superoxide dismutase

Genomic DNA chromosome 5 P1 clone MUP24

Solyc12g006470 *
Solyc129006460 *
Solyc07g043460°
Solyc07g043490°
Solyc07g043420°
Solyc07g043390°
Solyc02g069490
Solyc01g066680
Solyc01g087500
Solyc01g104230
Solyc01g106540
Solyc02g069630
Solyc02g083630
Solyc02g083640
Solyc02g085110
Solyc02g085120
Solyc02g086140
Solyc03g007130
Solyc03g083510
Solyc03g113760
Solyc03g117730
Solyc04g076310
Solyc04g078310
Solyc05¢051870
Solyc05¢053400
Solyc06g050920
Solyc06g065680
Solyc06g070970
Solyc06g084420
Solyc07g048050
Solyc08g061560
Solyc08g078640
Solyc08g079010
Solyc09g014970
Solyc11g005090
Solyc11g066390
Solyc11g069420

Sotub12¢g011080 *
Sotub12g011090 ¢
Sotub07g016580°
Sotub07g016600°
Sotub07g016570°
Sotub07g016530°
Sotub02g015720
Sotub01g020750
Sotub01g025950
Sotub01g041250
Sotub01g043720
Sotub02g015850
Sotub02g026940
Sotub02g026950
Sotub02g028260
Sotub02g028270
Sotub02g029290
Sotub11g029000
Sotub03g020030
Sotub03g027120
Sotub03g031190
Sotub04g029340
Sotub04g031250
Sotub05g024500
Sotub05g026070
Sotub06g011200
Sotub06g024730
Sotub06g026960
Sotub06g034920
Sotub07g018160
Sotub08g014090
Sotub08g024430
Sotub08g024870
Sotub09g012700
Sotub11g013250
Sotub11g024220
Sotub11g026580

2PGenes localized in clusters on chromosome 12 and 7, respectively, previously associated with SGA

biosynthesis (Itkin et al., 2013).



Supplemental Table 3. Changes in expression of genes involved in the biosynthesis of SGAs and sterol
precursors in potato GAME9-Ox leaves determined by RNA-Seq analyses.

Process Gene Id Description Change
Regulation GAME9  Sotub01g029510 Ethylene responsive transcription factor 1
SGA biosynthesis GAME2  Sotub07g016550 UDP-rhamnosyltransferase 1
(Chr7) GAME11l Sotub07g016570 2-oxoglutarate-dependent dioxygenase 1

GAME6  Sotub07g016580 Cytochrome P450 72A188 1
GAME1  Sotub07g016600 UDP-galactosyltransferase 1
SGA biosynthesis GAME12 Sotub12g011080 Aminotransferase-like protein 1
(Chr12) GAME4  Sotub12g011090 Cytochrome P450 88D 1
Biosynthesis of HMGR™  Sotub02g025630  3-Hydroxy-3-methylglutaryl CoA reductase 1 No change
precursors SQS™ Sotub01g047720  Squalene synthase No change
CAS1 Sotub04g023080  Cycloartenol synthase 1
TTS1™ Sotub12g010880  S-amyrin synthase No change
SMT1" Sotub01g025880  Sterol C24-methyltransferase typel No change
SSR2™  Sotub02g015720  Sterol side chain reductase 2 )

*Identified in potato (Ginzberg et al., 2012). Accession numbers: 01400, 2AB022599, *DN908821. “Sawai
et al., 2014. *’Identified in tomato (Wang et al., 2011).

Genes are grouped according to their association with SGA biosynthesis or synthesis of precursors. Change
is indicated when increase (1) in gene expression was found as compared to wild-type potato plants.



Supplemental Table 4. Changes in expression of genes involved in the biosynthesis of SGAs and precursors
in tomato GAME9-RNAIi and GAME9-Ox leaves as determined by RNA-Seq analyses.

Process Gene Id Description RNAI Ox
Regulation GAME9 Solyc01g090340  Ethylene responsive transcription factor l 1
SGA biosynthesis GAME2 Solyc07g043410  UDP-xylosyltransferase No change No change
(Chr 7) GAME11  Solyc079g043420 2-oxoglutarate-dependent dioxygenase l 1

GAME6 Solyc079g043460 Cytochrome P450 72A188 ! 1
GAMEL17  Solyc079043480 UDP-glucosyltransferase ! 1
GAME1 Solyc079g043490  UDP-galactosyltransferase ! 1
GAME18  Solyc079g043500 UDP-glucosyltransferase l 1
SGA biosynthesis GAME12  Solyc12g006470  Aminotransferase-like protein ! 1
(Chr 12) GAME4 Solyc12g006460  Cytochrome P450 88D l No change
Biosynthesis of HMGR™ Solyc02g082260  3-Hydroxy-3-methylglutaryl CoA reductase 1 ~ No change No change
precursors SQS™ Solyc01g110290  Squalene synthase No change No change
CAS1 Solyc04g070980  Cycloartenol/Lanosterol synthase No change No change
TTS1 Solyc12g006530  S-amyrin synthase No change No change
SMT1" Solyc01g087560  Sterol C24-methyltransferase typel No change No change
SSR2™ Solyc029069490  Sterol side chain reductase 2 l 1

*Identified in potato (Ginzberg et al., 2012). Accession numbers: 01400, 2AB022599, *DN908821. “Sawai
etal., 2014. *°Identified in tomato (Wang et al., 2011).

Genes are grouped according to their association with SGA biosynthesis or synthesis of precursors. Change
is indicated when increase (1) or decrease (]) in gene expression was found in comparison to wild-type
tomato plants.



Supplemental Table 6. Details of promoters tested in tobacco protoplast transfection

assays for transactivation by GAMES9.

Gene Symbol Annotation Solyc ID Size cloned
GAME1 UDP-galactosyltransferase Solyc07g043490  ~2600 bp
GAME2 UDP-xylosyltransferase Solyc079g043410  ~2300 bp
GAME4 CYP88D Solyc12g006460  ~2600 bp
GAMES6 CYPT72A Solyc07g043460  ~2600 bp
GAME7 CYP72A Solyc07g062520  ~2700 bp
GAME9 Ethylene responsive transcription factor Solyc01g090340  ~1650 bp
GAMEL11 2-oxoglutarate-dependent dioxygenase Solyc079g043420  ~2000 bp
GAME12 Aminotransferase-like protein Solyc12g006470  ~1250 bp
GAMEL7 UDP-glucosyltransferase Solyc07g043480  ~1900 bp
GAME18 UDP-glucosyltransferase Soly07g043500 ~1550 bp
HMGR1 HMG CoA reductase 1 Solyc03g032010  ~1500 bp
HMGR2 HMG CoA reductase 2 Solyc03¢g032020  ~1500 bp
SQMO Squalene monooxygenase Solyc04g077440  ~1200 bp
SQS Squalene synthase Solyc01g110290  ~1300 bp
SMO1 Methylsterol monooxygenase 2-2-like Solyc06¢g005750  ~2250 bp
SSR2 Sterol Side Chain Reductase 2 Solyc02g069490  ~1600 bp
C-5SD A(7)-sterol-C5(6)-desaturase Solyc02¢g086180  ~1600 bp
A-14 SR A(14)-sterol reductase Solyc09g009040  ~2100 bp

For each gene, a region upstream of the start site (ATG codon) spanning ~1200-2700 bp

was cloned and used for transactivation with GAMES9 in tobacco protoplasts.



Supplemental Table 7. Accession numbers for ERF proteins used in the phylogenetic

analysis presented in Figure 2.

Name in Figure 2

Organism

Accession number

SI_GAMEY-likel
SI_GAMEQ-like2
SI_GAMEO-like3
SI_GAME9
SI_GAMEY-like4
St GAMEQ-likel
St GAME9-like2
St GAME9-like3
St GAMEQ-like4
St GAME9
St GAMEO-like5
St GAME9-like6
St GAMEO-like7
Nt_ERF189
Nt_ERF115
Nt_ERF179
Nt_ERF168

Nt_ERF221/ORC1

Nt_ERF104
Nt_ERF17
Cr_ORCA1l
Cr_ORCA2
Cr_ORCA3
SI_SHN3
S|I_SHN1
At_SHN1

At SHNZ2
At_SHN3
SI_ERF1
Os_SHN1
At ERF1

At DREB1A
At DREB1B
At DREBI1C
At DREB2A
At DREB2B
SI_AP2a
SI_AP2b
SI_AP2c
SI_AP2d
SI_AP2e

At ANT

Solanum lycopersicum
Solanum lycopersicum
Solanum lycopersicum
Solanum lycopersicum
Solanum lycopersicum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Nicotiana tabacum
Nicotiana tabacum
Nicotiana tabacum
Nicotiana tabacum
Nicotiana tabacum
Nicotiana tabacum
Nicotiana tabacum
Catharanthus roseus
Catharanthus roseus
Catharanthus roseus
Solanum lycopersicum
Solanum lycopersicum
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Solanum lycopersicum
Oryza sativa
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Solanum lycopersicum
Solanum lycopersicum
Solanum lycopersicum
Solanum lycopersicum
Solanum lycopersicum
Arabidopsis thaliana

Solyc01g090300
Solyc01g090310
Solyc01g090320
Solyc01g090340
Solyc01g090370
PGSC0003DMG400026049
PGSC0003DMG400041045
PGSC0003DMG400025991
PGSC0003DMG400046672
PGSC0003DMG400025989
PGSC0003DMG400026048
PGSC0003DMG400026046
PGSC0003DMG400040573
ERF189

ERF115

ERF179

ERF168

ERF221

ERF104

ERF17

AJ238739

AJ238740

EU072424
XP_004240977.1
XP_004235965.1
Atl1g15360

At5g11190

At5g25390

AAL75809

BAD15859

At4g17500

At4g25480

At4g25490

At4g25470

At5g05410

At3g11020

ACD62792

HQ586952

HQ586951

HQ586953

HQ586954

Q38914



At_TOE2
At_WRI1
At_AP2
Bn_BBM1
Bn_BBM?2
At PLT1

Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Brassica napus
Brassica napus
Arabidopsis thaliana

QILVG2
AY 254038
At4g369200
AF317904
AF317905
At3g20840

Sequence data can be found in GenBank/EMBL data libraries, Sol Genomics Network or in
the tobacco transcription factors (TOBFAC) database, respectively.



Supplemental Table 8. Oligonucleotides used in this study.

Organism Name Sequence Use

Potato NAC-Fw ATATAGAGCTGGTGATGACT gRT-PCR
NAC-Rv TCCATGATAGCAGAGACTA gRT-PCR
GAME9-Fw AAGCCGCTTACAAGATTCGG gRT-PCR (also used in tomato)
GAME9-Rv ACGACGCCTAGCCGTTACTC gRT-PCR (also used in tomato)
CAS-Fw AATCATGACGGTCACTGGGCT gRT-PCR
CAS-Rv AATACTGCATTGAGTGCCCCC gRT-PCR
SMT1-Fw GCTTTGCTGTGTATGAGTGG gRT-PCR
SMT1-Rv TTTTGTGTCGATCGAATCTC gRT-PCR
SSR2-Fw CCACCGTTCACCCTAGGAGG gRT-PCR
SSR2-Rv ATACAAGAACGAGAATGGAAGGACA gRT-PCR
GAME11-Fw TGGCGGACCTTCTTTCAAACT gRT-PCR
GAME11-Rv CACAATTTCAACTGGATCCGATG gRT-PCR
GAMES6-Fw TTTGGCCGTATGTTTGCCTT gRT-PCR
GAMEG6-Rv TTCCTTGCTGCCGCAGTT gRT-PCR
GAMEA4-Fw GGGACTCAAGGCTCGAAAAGTACT gRT-PCR
GAME4-Rv TGTTTGCCCTTGGCATTGAT gRT-PCR
GAME12-Fw GGAATGGCCAAGACTACTAATGGA gRT-PCR
GAME12-Rv GCTCTATCTATAACTAAAGGTCCCATA gRT-PCR
GAME1-Fw TGGGTCCCACAGCTTACGATC gRT-PCR
GAMEL1-Rv GGCACGCCAAAAGTGATGG gRT-PCR
GAME2-Fw GAAACTGCAATGCCGCATGT gRT-PCR
GAME2-Rv TTGAGGCCATGGAGGGC gRT-PCR
GAME9-Ox-Fw GGGGACAAGTTTGTACAAAAAAGCAGGCTA Cloning GAME9 for Ox

TGAATATTGCAATTGATGATGATGA

GAME9-0Ox-Rv GGGGACCACTTTGTACAAGAAAGCTGGGTT Cloning GAMES9 for Ox

CATTTGTATCAACATTTGTAAATTCACAC
GAME9-RNAI-Fw 2aaaaGCGGCCGCATGAGTATTGTAATTGATG Cloning GAMES9 for RNAI (also

ATGATGAAATC used in tomato)

GAMEY9-RNAI-Rv 22aaaGGCGCGCCCACACGCCACAGATGGTTC Cloning GAMES9 for RNAI (also
TT used in tomato)

Tomato TIP41-Fw AGATGAACTGGCAGATAATGG gRT-PCR

TIP41-Rv CATCAACCCTAAGCCAGAAA gRT-PCR

HMGR-Fw CTGACGCGCTTCCACTCC gRT-PCR

HMGR-Rv GATCTTCTCACGCCACCTTACG gRT-PCR

SSR2-Fw GGCCAAATGTCAAGGGTCACT gRT-PCR

SSR2-Rv ACCCCGAACCCATTGATCA gRT-PCR

GAME11-Fw TGGTCCTGAGAATCCTCCACA gRT-PCR

GAME11-Rv GCTCCAATGAAGCGTGGTACAC gRT-PCR

GAME4-Fw CTTCAATGTGTGGTGATCCAAAA gRT-PCR

GAME4-Rv CCATAATTGTTGGCTTCCCAAA gRT-PCR

GAME12-Fw TATGACTGCCGGTCTCTCCG gRT-PCR

GAME12-Rv GATAGTTCCAATAATGAGGGCAATCA gRT-PCR

GAME17-Fw GCTGCAGGATTCCCTATTCCAC gRT-PCR

GAME17-Rv TACTTAGCATGGTGCTCCAC gRT-PCR

GAME9-Ox-Fw GGGGACAAGTTTGTACAAAAAAGCAGGCTA Cloning GAMES9 for Ox
TGAGTATTGTAATTGATGATGATGAAATC

GAME9-0x-Rv GGGGACAAGTTTGTACAAAAAAGCAGGCTA Cloning GAMES9 for Ox

TGAGTATTGTAATTGATGATGATGAAATC
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